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ABSTRACT

Foliage penetration (FOPEN) radar at lower frequencies (VHF, UHF) is a wellstudied area with many contributions. However, there is growing interest in using higher
Ku-band frequencies (12-18 GHz) for FOPEN. Specifically, the reduced wavelength
sizes provide some key saliencies for developing more optimized detection solutions. The
disadvantage is that exploiting Ku-band for FOPEN is complicated because higher
frequencies have pronounced scattering effects due to their smaller wavelengths.
In this dissertation, a methodology is presented for modeling and simulating
FOPEN problems in the Ku-band. Unprecedented comprehensive computer-aided design
(CAD) tree models were specifically designed to be implemented for characterizing the
phenomenology of Ku-band electromagnetic (EM) wave transmissions through moderate
foliage. Explicit tree structures are modeled since smaller details have more of an
influence at this frequency. Also, moderate foliage is of most interest because with less
dense foliage there is a higher percentage of Ku-band transmission through openings in
the foliage.
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CHAPTER 1: INTRODUCTION
This research dissertation focuses on the study of foliage penetration (FOPEN) of
radar signals (in particular synthetic aperture radar (SAR)) using higher transmission
frequencies in the Ku-band. This topic is very relevant to a wide range of application
scenarios, both commercial and military, and hence remains a key focus area today. This
chapter presents an introduction to the overall problem, and some key motivations for this
dissertation efforts are discussed. The core contributions of the research are highlighted at
the end of the chapter along with an outline of the dissertation.

1.1 Background Overview
Synthetic aperture radar (SAR) systems use electromagnetic (EM) waveform
transmissions to illuminate objects, and images are created from processing reflections or
echoes [1]. These technologies have seen many advances in recent decades, and SAR
systems are now widely deployed to support critical remote mapping/sensing capabilities.
SAR transmitters are typically installed on moving airborne or satellite platforms to
operate at stand-off ranges and collect terrain data measurements. A simplified geometry
of a SAR system is shown in Figure 1. Advanced SAR interferometry algorithms are then
used to process surface images from multiple passes/scans and generate terrain maps to
help discriminate (detect) key landscape features or objects, e.g., fault lines, bodies of
water, forests and vegetation, glaciers, etc.
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Remote sensing of foliage is crucial to many commercial and military SAR
application scenarios such as terrain mapping, biome characterization, human/object
detection for search and rescue, vehicular tracking, boarder surveillance, wireless
communication channel modeling, etc. Some of the key tasks include discriminating
foliage in mapped terrains, identifying forest types, discerning tree heights, and detecting
anomalies or hidden objects beneath foliage. The interaction of transmitted EM waves
with foliage is termed FOPEN [2], [3]. The characterization of EM wave interactions
with any generic object is a complex multi-faceted problem which must take into account
a range of parameters relating to the object type and application scenario. By extension,
the more specialized FOPEN case presents further challenges since foliage acts as a
dielectric material which can scatter, reflect, diffract, refract and attenuate impinging EM
waves, and do so from anywhere within its volume. In addition, related scattering and
attenuation effects are much more pronounced at higher transmission frequencies.

Figure 1: Simplified geometry of a SAR system.
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Many studies have developed theoretical, numerical and computational models
for FOPEN behaviors. Other efforts have conducted real-world laboratory and field
experiments to collect and analyze empirical interferometric data on forests. Overall,
these efforts have incorporated a wide range of parameters for the FOPEN problem, i.e.,
source type, wave polarization, incident angles, foliage type, and moisture content.

1.1.1 Source Type
EM wave sources have a direct impact on FOPEN performance. Accordingly,
many field experiments have investigated FOPEN from the far field using SAR-based
systems [4], [5], [6], [7], [8], [9]. Other studies have used two ground antennas (e.g.
dipole, horn, etc.) to model radio wave propagation through forests [10], [11], [12]. These
ground antennas are positioned in various configurations with the transmitting antennas
above the foliage and receiving antennas beneath the foliage and vice versa, or with both
the transmitting and receiving antennas underneath the foliage. Furthermore, these
antennas can be set to record either the near field or the far field, depending upon the
separation distances involved. Researchers have also analyzed different frequency ranges
[9], [13], [14], [15] and developed algorithms to enhance pre-/post-processing of SAR
data [8], [16]. Findings confirm that lower frequencies in the ultra-high frequency (UHF)
and very high frequency (VHF) bands (Figure 2) are ideal for foliage penetration. This is
because the associated wavelengths are notably larger than tree leaves and most branches,
allowing EM transmissions to easily penetrate through. Consequently, many FOPEN
studies have used these frequency bands [7], [10], [17], [18], [19]. Researchers have also
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used higher frequencies in the P-, L-, S-, C-, and X- bands [8], [9], [13], [15], [20], [21],
[22], [23]. A marginal number of efforts have considered even higher frequencies in the
K-band (18 – 27 GHz) and the Ka-band (27 - 40 GHz range) with wavelengths on the
order of millimeters, i.e., less than the physical dimension of most leaves [24], [25], [26],
[27]. Expectedly, reduced wavelength size has a huge impact on EM wave interaction
with foliage, resulting in notably higher scattering and attenuation effects.

Figure 2: Frequency transmission bands [28].

1.1.2 Wave Polarization
The polarization of EM waves is also very important in FOPEN scenarios.
Researchers have studied all horizontal and vertical (linear) polarization combinations for
transmission and reception, i.e. vertical vertical (VV), horizontal horizontal (HH),
vertical horizontal (VH), and horizontal vertical (HV). Overall findings confirm that
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wave polarization does influence attenuation levels [29], [30], [31]. Specifically, VV
polarization gives slightly higher attenuation, especially at UHF and lower frequency
ranges. Most likely this effect is due to the fact that vertical tree trunks generally have
comparable sizes to the transmitted wavelengths. Similarly, HH polarization tends to
generate more backscatter than VV polarization. Strong dependence between polarization
and backscatter has been noted in [29], [30], [31]. Results on wave polarization are also
presented in [9], [15]. Note that circular polarization is rarely applied for foliage
characterization, i.e., all the above contributions assume linear polarization.

1.1.3 Incident Angle
The angle of incidence of an EM wave at the surface of an object plays a critical
role in the outcome of any interaction. This parameter is also very influential in the
FOPEN context since foliage canopies are not physically homogeneous and can have
many “holes” [32]. As a result, EM wave transmissions may only be able to pass through
at certain incident angles depending upon the foliage type. In particular, there is less
foliage to penetrate at steeper grazing angles. Although, this creates geometric distortion
in a SAR image that relates slant-range to ground-range. Some studies have analyzed
incident angles in FOPEN scenarios [9], [13], [14], [15].

1.1.4 Foliage Type
Tree foliage can vary drastically across different climate zones and seasons, and
this will inevitably impact FOPEN performance. For example, trees in tropical and sub-
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tropical zones have leaves with a wide range of biophysical parameters, i.e., in terms of
size, shape, density, dielectric properties, etc. Meanwhile some trees in temperate zones
have needles (instead of leaves) with their own set of features. Even within the same tree,
the dielectric values can vary widely (in a frequency selective manner) between the
leaves, trunk, and branches. Tree height, tree trunk diameter and canopy density can also
differ across regions, as well as the composition of larger tree clusters, i.e., forests
(discussed in Chapter 2). Collectively, these variations can greatly impact the
phenomenology of EM wave propagation in terms of perturbation. Many studies have
looked at the scattering effects of different foliage types [7], [8], [13], [14], [15], [19],
[21], [22], [23], [24], [26], [33], [34], [35], [36], [37] [38]. Higher frequency FOPEN
radar may be strongly dependent on region and season. It would be understandable for
these radars to perform adequately in more sparse temperate forests while being
inadequate for triple canopy jungles located in the tropical zones. Understanding the
distinction is crucial for designing remote sensing systems and missions.

1.1.5 Moisture Content
Moisture levels in foliage can also influence EM wave interactions and behaviors.
Ulaby and El-Rayes have incorporated a moisture content parameter in their foliage
dielectric value equation model presented in [39]. For example, higher moisture levels
can increase the amount of foliage backscatter. Colder temperature conditions can also
induce freezing effects, thereby resulting in even higher backscatter levels [5]. Additional
discussions on this topic are presented in [14], [15].
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Most studies on FOPEN have used frequencies below the C-band, i.e.,
wavelengths over 3.75 cm. Although these emissions provide good EM wave penetration
through foliage, they also yield lower scan resolutions and object detection capabilities.
In addition, increased wavelengths require larger antenna sizes on airborne SAR systems,
adding to the overall production and operational costs.

1.2 Motivation
As noted above, foliage scattering at lower frequencies (UHF, VHF) is a wellstudied area with a wide set of contributions to date. Nevertheless, there is growing
interest in using higher Ku-band frequencies for FOPEN analysis, i.e., 12-18 GHz
transmission range. In particular, the reduced wavelength sizes (in the centimeters range)
provide some key saliencies for developing more optimized foliage mapping solutions.
Foremost, compact Ku-band antenna designs can yield sizeable space and weight
savings. For this reason, the Ku-band has become a popular operating band for many
unmanned aerial systems (UAS) [40]. Furthermore, system designers can also achieve
finer scan resolution via the Ku-band, helping improve overall foliage characterization
and detection capabilities.
The disadvantage is that higher frequencies have much more pronounced
scattering effects due to their smaller wavelengths. As a result, this complicates foliage
penetration in the Ku-band. Despite these challenges, certain foliage characteristics and
signal parameters can help improve EM wave penetration in the Ku-band such as foliage
type, incident angle, polarization, etc. Moderate foliage levels with lower density can also
provide more “holes” and “gaps” for higher frequency EM waves to pass through.
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Additionally, atmospheric wind effects can readily create gaps in the foliage, allowing for
improved measurement observations. As a result, there remains significant interest and
scope to study FOPEN in the Ku-band.

1.3 Problem Statement
The key objective of this dissertation is to layout a methodology for modeling and
simulating FOPEN problems that characterize the phenomenology of Ku-band EM wave
transmissions through moderate foliage. This topic is motivated by the growing need to
quantify the interaction of foliage with EM frequencies in the Ku-band for consulting
purposes and to aid with enhanced technology support for applications in both the
commercial and military domains. Overall, this important area remains largely
unaddressed in the modeling realm today mostly because of the required heavily detailed
models and the lack of enormous computational resources.

The main contributions of this dissertation are focusing on FOPEN in the Kuband and developing new realistic CAD tree models specifically designed to be
implemented for FOPEN. The detail obtained in these CAD tree models is unique in
FOPEN modeling because many studies in this area focus on lower frequencies where
precise tree parameters are not required due to the associated large wavelengths relative
to the tree dimensions. However, it is necessary to model explicit tree structures in the
Ku-band range where the wavelength is notably smaller and the details of the trees have
more of an influence on EM waves (i.e. perturbation, scattering, attenuating, reflecting,
diffracting etc.). Also, moderate foliage is of most interest because with less dense foliage
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and more openings there is a higher percentage of Ku-band transmission through “holes”
and “gaps” in the foliage. This is opposed to lower frequency FOPEN where larger
wavelengths are relied on to penetrate through the actual foliage itself.
This research dissertation introduces a range of new innovations and
contributions. A powerful and accurate computational EM (CEM) software, Altair FEKO
[41] is implemented to characterize FOPEN behaviors in the Ku-band. Several highly
detailed computer-aided design (CAD) tree models are also developed for simulation
evaluation. Namely, a symmetric tree model is built using the FEKO module CADFEKO,
in addition to more realistic tree models using the open source tree generating Arbaro
software [42]. The realistic tree models are pre-processed with the Altair HyperMesh
software [43]. These new models are studied extensively using simulation techniques to
validate their overall accuracy and effectiveness. In particular, this validation is done
replicating several canonical and complex objects from existing research studies and
measured data. The FOPEN simulation impulse response (IPR) and electric field (E-field)
results are post-processed in MATLAB [44].

1.4 Dissertation Outline
This dissertation is organized as follows. First, Chapter 2 presents a detailed
survey of forest types and classifications. There is also a discussion of dielectric values of
trees along with a dielectric value equation model. Next, Chapter 3 introduces the
commercial Altair FEKO software used for the CEM simulations. Then the designed
CAD tree model software (CADFEKO and Arbaro) and CAD tree models are described.
Chapter 4 describes the verification and validation modeling carried out to ensure the
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FEKO software, as well as the simulation parameters were suitable for the problem.
FOPEN scene and model simulation setup are explained in Chapter 5. Validation of the
FOPEN scene setup and model parameters using canonical objects is provided in Chapter
6. In Chapter 7, FOPEN simulations and results are presented. Finally, conclusions and
future work directions are presented in Chapter 8. Additional appendices provide Arbaro
software parameters and simulation sampling parameters of both FOPEN tree models, as
well as a glossary listing of the key acronyms.
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CHAPTER 2: FORESTS & DIELECTRIC VALUES OF TREES

As noted earlier in Chapter 1, foliage types have a great influence on FOPEN
characterization and transmission/scattering. An overview of main forest and climate
classifications is presented. Also, a discussion of foliage types is provided. Subsequently,
some important work on modeling the dielectric values of trees is surveyed, including
methods specifically for trunks, branches, and leaves. Results from a sample model
implementation in MATLAB are presented in order to validate the dielectric value
equation model that is used to calculate the dielectric values for the FOPEN tree models
in this dissertation.

2.1 Forest Types
The term forest is used to refer to specific foliage types, as per the focus of this
dissertation. Even though there are many different definitions [45], most forests are
comprised of multiple layers as shown in Figure 3. The very top layer is referred to as the
emergent layer and contains a subset of trees that have grown above their surrounding
trees. The next layer is the canopy layer that is defined as the crown leaf layer of trees
and can vary in density from open canopy to closed canopy. Open canopies allow a lot of
sunlight to reach the forest floor, whereas closed canopies tend to block most sunlight.
Although the actual amount of canopy cover can fluctuate widely, the authors in [46]
present some general guidelines for percentage of canopy density, i.e., 10 - 20% for open
forest-I, 20 – 40% for open forest-II, 40 – 60% for moderate density, 60 – 80% for
medium density, and over 80% for closed canopy. The understory layer lies beneath the
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canopy layer and mostly consists of smaller and younger trees, brushes and shrubs. The
forest floor represents the lowest layer containing soil, grass, fungi, and vegetation litter.

Figure 3: Forest layers (emergent, canopy, understory and forest floor [47]).

Forests can also be categorized as either primary forests, other natural forests, or
planted forests (plantations) [45]. Primary forests contain native tree species and
generally exhibit little to no signs of disturbance from human activities. Other natural
forests contain a mixture of indigenous tree species as well as several introduced (exotic)
tree species. Typically, these types of forests show signs of human activity, e.g., such as
logging, road infrastructures, etc. Planted forests/plantations contain both native and
introduced tree species and are developed by the direct planting of new trees by humans.
Many forests can additionally be classified by the distinct characteristics of their tree
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leaves. In particular, there are two main tree leaf classifications, deciduous trees and
evergreen trees.

2.1.1 Deciduous Trees
The word deciduous comes from the Latin word decidere meaning “to fall” [48].
Hence these tree types lose all their leaves over a given time period every year. This
process is technically termed as abscission [49] and mostly occurs during cold or dry
seasons. However, tree leaves can also fall during other seasons depending upon the
climatic conditions. Abscission (shedding) typically takes place during harsh seasonal
conditions, e.g., when there is typically a lack of water (although it can also occur due to
damage). As an adaptation method, deciduous trees go dormant and abscise their leaves
to conserve water and avoid extreme damage or death. Before most leaves are abscised,
trees also reduce the amount of green chlorophyll they produce, and in the process reveal
masked pigments of the compounds inside. Consequently, leaves on deciduous trees also
change colors before they fall off [50], [49].

2.1.2 Evergreen Trees
By contrast, evergreen tree types maintain living foliage all year round. Although
evergreen trees do not lose their leaves all at once, their leaves still have a lifespan of one
to six years. New leaves are produced as older leaves gradually die and fall off [51].
Some evergreen tree leaves also have a waxy coat for protection in rough climates. There
are two main types of evergreen leaves, i.e., narrowleaf and broadleaf. Narrowleaf types
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are long and needle- or scale-like. Broadleaf are generally broader and flatter leaves.
Both groups of evergreen trees have their own characteristics. For example, some
narrowleaf trees grow cones instead of flowers to host their seeds, and sometimes these
trees are also referred to as conifer trees, i.e., the word conifer meaning cone-bearer. Not
all evergreen trees are conifers and even though most conifers are narrowleaf evergreens,
not all of them fall in this category. This is because evergreen refers to leaf properties
while conifer refers to reproductive properties [52]. Overall, narrowleaf evergreen trees
are well-suited for climates with a lot of snow since their needle-like leaves prevent
excessive snow accumulation on leaves and branches, thereby minimizing damage [50],
[53]. Meanwhile, broadleaf evergreen trees grow various types of flowers or blooms that
eventually transform into seed-bearing fruit. Other characteristics (e.g. height, width,
water content, etc.) of these two groups of evergreen trees can also vary depending on
their adaptation to different climate conditions [51]. This also holds true for deciduous
trees.

2.2 Climate Classifications
There are many different types of forests, and their associated classifications can
vary depending on certain factors such as the climate, altitude, latitude, location, and tree
types. The most common classification is usually done based upon climate [54]. Namely,
climatic conditions are typically classified into five main geographical zones, as
distinguished by their latitude as shown in Figure 4. The North Frigid Zone (or Arctic
polar region) falls in the latitude range from 66.5⁰ - 90⁰ north, whereas the corresponding
South Frigid Zone (or Antarctic polar region) ranges from 66.5⁰ - 90⁰ south. The North
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Temperate Zone varies from 23.5⁰ - 66.5⁰ north, and its corresponding South Temperate
Zone ranges from 23.5⁰ - 66.5⁰ south. The Torrid Zone (or Tropics region) falls between
the Tropics of Cancer (at a latitude of 23.5⁰ north) and Tropics of Capricorn (at a latitude
of 23.5⁰ south). A Subtropical Zone is also defined between the Tropical and Temperate
Zones [45], [55], [56] [50]. Expectedly, the annual rainfall levels and temperature ranges
in each of these climatic zones will vary significantly depending upon various factors
such as exact zonal classification, time of day, time of season and exact location (latitude
or altitude in the zone). Nevertheless, Figure 5 still presents a good overview of the forest
types found at different temperature and precipitation ranges.

Figure 4: Geographical zones by latitude [45].
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Figure 5: Forest type by annual temperature and precipitation [57].

2.2.1 Torrid Zone (Tropical Region)
This zone hosts a range of tropical forests. There are many different sub-types and
classifications such as tropical wet evergreen, tropical semi-evergreen, tropical dry
evergreen, tropical moist deciduous, tropical dry deciduous, tropical woodlands, tropical
montane, tropical moist broadleaf, rainforest, and tropical jungle. As expected, latitudes
closest to the equator see a significant amount of annual rainfall, and generally higher
temperatures and humidity. However, rainfall levels start to decline as distances from the
equator start to increase. A similar trend is also observed in terms of canopy density. For
example, some tropical forests have very dense triple canopies, but as the distance from
the equator increases, forest density becomes sparser. In addition, geographic altitude
also has a notable impact on forests as average temperatures decline with height. Higheraltitude forests, termed as montane forests, exhibit declining forest density and tree
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heights with increasing altitude (Figure 6). Furthermore, trees cannot grow above the
mountain snow line (where there is no snow melt year-round). Overall, the annual
precipitation in the Torrid Zone varies from about 60 – 660 cm. The average
temperatures at lower elevations range from 20 – 30 ⁰C and drop to about 11 – 21 ⁰C at
higher elevations [57] , [58] [59].

Figure 6: Vegetation by elevation/climate [45] (adapted from Natural Enquirer).

2.2.2 Subtropical Zone
This zone is home to various types of subtropical forests, e.g., subtropical dry
evergreen, subtropical rainforests, and subtropical dry broadleaf. These regions are less
humid since they lie farther from the equator than Tropical forests, and hence receive
lower rainfall. The annual precipitation in the Subtropical Zone averages from 30 – 165
cm in the summer months [60], [58], [59]. Average subtropical temperatures are also
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lower, ranging from 20 – 35 ⁰C. As a result of these variations, tree (forest) density is
generally lower here.
2.2.3 Temperate Zone
This zone contains many different types of forests, including deciduous, conifer,
conifer evergreen, broadleaf evergreens and mixed. Expectedly, temperatures are much
cooler than in the Tropical and Subtropical Zones, declining to about 0 – 20 ⁰C.
Similarly, annual precipitation levels are also lower, i.e., varying from 30 – 200 cm [61],
[57]. These mid-latitude regions also exhibit four distinct seasons throughout the year.

2.2.4 North Frigid Zone
This zone is characterized by Boreal forests, also termed as Taiga forests. In
particular, the name Boreal comes from the Ancient Greek god Boreas, who was the god
of the cold northerly wind and winter. Taiga is a Russian word for “marshy pine forest”
[45]. For the most part, these forests are located in colder climates in the Northern
hemisphere, although no forests are found north of the Arctic tree line (tundra region)
[45]. As a result, the forests in the North Frigid Zone are mostly evergreen coniferous
types, although there can also be some deciduous forests as well. Generally, the
precipitation in this zone is lower than the Temperate Zone, averaging 40 – 100 cm
annually and occurs mostly in the form of snow. The temperature also fluctuates from a
mean of around -10 ⁰C during the coldest months to a mean of about 20 ⁰C during the
hottest months [57], [62].
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The specific characteristics of trees and forests are very important for modeling
purposes. Different tree types can yield very distinct dielectric values depending upon a
host of parameters (temperature, moisture content, bulk density, etc.). In turn, dielectric
values have a significant influence on EM wave propagation and represent a critical
parameter in foliage CEM modeling.

2.3 Dielectric Values of Trees
Dielectric values directly influence the scattering and attenuation behaviors of
microwave transmissions through foliage. There are several tree components
(characteristics) that can affect these values, such as moisture content, bulk density,
temperature, and scanning frequency. Some key early work in [63], [64], [65] studies and
characterizes the dielectric values of different types of vegetation. For example, the
authors in [63] present one of the first detailed investigations of dielectric properties of
plant materials, including model development, laboratory test measurements, and
corroboration with field measurements. This work uses waveguide transmission
techniques to measure complex dielectric constants at 12 discrete frequencies between
1.1 – 8.4 GHz (inside a laboratory environment). These measurements are done for
varying leaf types, including wheat, corn and soybeans as well as stalks of corn and
soybeans (with an emphasis on frequency and moisture dependence). They also develop
two models to compare the measured data, including a three-component random-needle
mixing equation model and a two-phase refractive equation model. Additionally, realworld measurements are collected to quantify vegetation transmission losses at 10.2 GHz
for corn and soybean canopies. This detailed field setup deploys a radar antenna above
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the vegetation, as well as other auxiliary antennas, receivers and ground reflectors in
between the vegetation. Findings are presented for dielectric constants with varying
frequencies and volumetric moisture levels, etc. Attenuation data is also presented from
the field measurements.
Additionally, dielectric properties are studied in [64]. The authors detail an
extensive set of complex permittivity measurements for both a 5 m height Caucasian fir
tree and a 1.9 m height spruce tree using frequencies from 1 – 10 GHz (with a particular
focus on anisotropy of dielectric measurements). A coaxial reflection measurement setup
is built using an open-ended probe fashioned as a piece of a semi-rigid coaxial cable
connected to a vector network analyzer (VNA) system. A rational function approximation
model is also developed for probe tip aperture admittance. Detailed measurement results
are then presented for dielectric constants and loss factors for varying frequencies.
Additional findings detail the effects of distance from trunk center (or position on the
branches) on the dielectric constant. This proves the anisotropic behavior of the trunk and
needles, resulting in a dielectric value fluctuation within one tree. Average dielectric
values from this study have been used to build three-dimensional (3D) computer models
of trees to test microwave remote-sensing algorithms.
Furthermore, the work in [65] uses microwave remote sensing to study the impact
of water stress levels on the (diurnal) dielectric constant of vegetation. Vegetation is used
to retrieve information on soil moisture content levels and perform water stress
monitoring. Accordingly, dielectric property measurements are collected using a
microstrip line sensor for three types of maize leaves and a wide set of frequency bands,
including L-, C-, X-, Ku- and Ka-band. A water-cloud equation model is also developed.
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General results confirm that reduced leaf water content yields a lower dielectric constant.
Additional findings also reveal a complex frequency response of vegetation to water
stress levels. For example, vegetation is the main contributor to total backscatter for low
volumetric soil moisture conditions at L-band frequencies. However, backscatter is much
more dependent on leaf water content at higher frequencies. This study was one of the
first to show the potential of using vegetation to gauge soil moisture, vegetation water
status, and water stress.
Many other studies have also looked at developing analytical models to compute
the dielectric values of foliage. In particular, the heavily cited article, [39], presents one
of the first comprehensive methods to characterize different parts of a tree, i.e., its leaves,
trunk, and branches. Specifically, in this work a Debye-Cole dual-dispersion model is
built and an empirical equation with several parts is derived, i.e., a non-dispersive
residual component, a free water component, and a bulk vegetation-bound water
component. The free water component incorporates the volume of water in the vegetation
that can move freely (as represented by a Debye relaxation term). The bound water
component of the equation factors in the volume of bulk vegetation molecules that are
tightly bounded by water molecules (as represented by a Cole relaxation term). This
model also takes into account the frequency, temperature, bulk density of dry vegetation,
gravimetric moisture content, and volumetric water content. Additionally, the authors
incorporate the ionic conductivity of the aqueous solution in a tree, denoted by 𝜎
(measured in units of Siemens/meter), which correlates to a specific salinity level, S
(measured in practical salinity units, denoted by 0/00). Based upon this, a dielectric
constant formula is presented for a temperature of 22 ⁰C (representative of Torrid and
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Subtropical Zones) and saline water with an ionic conductivity of 1.27 (corresponding to
a salinity level of 8.50/00). Namely this expression is given as:

𝜀𝑣 = 𝜀𝑟 + 𝑣𝑓𝑤 (4.9 +
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𝑓
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−𝑗
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(2.1)

where r is the non-dispersive residual component, vfw is the volume fraction of free
water, vb is the volume fraction of bulk vegetation-bound water component, f is the
frequency in gigahertz (GHz) and 𝜎 is related to the salinity, S, as follows:

𝜎 ≅ 0.16𝑆 − 0.0013𝑆 2 𝑆 ∙ 𝑚−1

From Eq. (2.1), the dielectric value of specifically the trunks and branches are
computed using the volumetric water content of the vegetation material defined as:

𝑚𝑣 =

𝑚𝑔 𝜌
1 − 𝑚𝑔 (1 − 𝜌)

where ρ is the bulk density of the dry vegetation material, and mg is the gravimetric
moisture content. The other components in Eq. (2.1) are calculated with the following
auxiliary equations:
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𝜀𝑟 = 1.7 + 3.2𝑚𝑣 + 6.5𝑚𝑣2
𝑣𝑓𝑤 = 𝑚𝑣 (0.82𝑚𝑣 + 0.166)
𝑣𝑏 =

31.4𝑚𝑣2
59.5𝑚𝑣2 + 1

To quantify the dielectric values of specifically tree leaves, the following
auxiliary equations are used instead:

𝜀𝑟 = 1.7 − 0.74𝑚𝑔 + 6.16𝑚𝑔2
𝑣𝑓𝑤 = 𝑚𝑔 (0.55𝑚𝑔 − 0.076)
𝑣𝑏 =

4.64𝑚𝑔2
7.36𝑚𝑔2 + 1

Follow-up research studies have extended the above dielectric model to include
the referenced polynomial equations in [39]. This modification allows temperature to be
included as a variable parameter [23], [15]. Integrating both the original equation that
accounts for the ionic conductivity as a variable parameter and the revised equation that
accounts for temperature as a variable parameter, the merged dielectric constant equation
is calculated as follows:

𝜀𝑣 = 𝜀𝑟 + 𝑣𝑓𝑤 (4.9 +

𝜀𝑠 − 𝜀∞
18𝜎
55
) + 𝑣𝑏 2.9 +
−𝑗
𝑓(𝐻𝑧)
𝑓(𝐺𝐻𝑧)
𝑓(𝐺𝐻𝑧)
1+𝑗
1 + √𝑗 0.18 )
𝑓0
(
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(2.2)

where f (Hz) is the frequency in hertz, f (GHz) is the frequency in gigahertz, s is the
static limit, ∞ is the high-frequency limit. Furthermore, the constant 𝜀∞ = 4.9 and
𝜀𝑠 = 88.045 − 0.4147𝑇 + 6.295 × 10−4 𝑇 2 + 1.075 × 10−5 𝑇 3
where T is the temperature in centigrade (⁰C), and f0 is the dielectric relaxation frequency
in hertz (Hz), i.e.,

𝑓0 = (2𝜋𝜏)−1
2𝜋𝜏 = 1.1109 × 10−10 − 3.824 × 10−12 𝑇 + 6.938 × 10−14 𝑇 2 − 5.096 × 10−16 𝑇 3

Overall detailed findings in [15] and [23] confirm the accuracy of the above
models and show close alignment with measurement data for different amounts of foliage
moisture and frequency ranges from 0.2 – 20 GHz.
The dielectric model in equation 2.2 is implemented in a customized MATLAB
code. Specifically, the work in [39] presents data measurements for corn leaves and
compares them to output calculations from the proposed models. These measured and
calculated data from [39] are used for validating the developed MATLAB code. The
replicated dielectric constant values are calculated for analytical frequencies spanning the
full range from f = 0.5 – 20 GHz and for a temperature of T = 22 ⁰C, a dry vegetation
bulk density of ρ = 0.33, an ionic aqueous conductivity of σ = 1.27. In addition, three
different gravimetric moisture content levels are evaluated, i.e., mg = 0.68, 0.26, and 0.07.
This metric is used to quantify leaf moisture and is defined as the ratio of the weight of
the wet leaf to the weight of the dry leaf [66]. The calculated real and imaginary parts

24

from the MATLAB code are overlaid on top of the measured and calculated data from
the article for these respective moisture content values in Figure 7 (mg = 0.68), Figure 8
(mg = 0.26), and Figure 9 (mg = 0.07). These results show very close agreement with the
empirical measurements and findings in [39]. They also confirm notably lower dielectric
constants with less leaf moisture.

Figure 7: Dielectric value comparisons between MATLAB calculated model (real blue line; imaginary - orange line) and measured/calculated data from [39] (black
line, points); mg = 0.68.
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Figure 8: Dielectric value comparisons between MATLAB calculated model (real blue line; imaginary - orange line) and measured/calculated data from [39] (black
line, points); mg = 0.26.

Figure 9: Dielectric value comparisons between MATLAB calculated model (real blue line; imaginary - orange line) and measured/calculated data from [39] (black
line, points); mg = 0.07.
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In general, all these studies represent some key contributions in the area of foliage
characterization. Hence, these works have also been leveraged and applied in a range of
research studies in various related areas. For example, some of these contributions
(amongst many others) include topics such as loss prediction of satellite radio links
through leaves and canopies [67], [68], [69], signal backscattering simulation [70], [71],
[72], [73], [74], [75], soil and vegetation moisture contributions [76], [77], [78], [79],
bistatic simulations for forests [80], [81] and 3D joint simulation platform of trees [82].
In summary, most of the above-reviewed foliage dielectric characterization
studies have used frequencies below the Ku-band, i.e., under 12 GHz. As noted earlier,
the smaller wavelengths associated with this band offer more compact (lower cost)
antenna designs as well as increased scan resolutions (visibility). The corresponding
foliage attenuation and scattering effects are also notably higher. As a result, this research
dissertation is motivated by the need to broaden the knowledge base in this domain and
develop realistic and useful models/techniques for foliage characterization using Ku-band
frequencies. Expectedly, this work is best suited for studying open forests with medium
canopy density, e.g., as found in higher latitudes in the Temperate and North Frigid
Zones as opposed to the Torrid and Subtropical Zones. More precise Ku-band mapping
systems can also be used to study forests characteristics under other varying conditions
such as time of day changes, changing seasons, evolving drought conditions and even
unnatural events such as forest fires.
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CHAPTER 3: PROPOSED TREE MODELS

In this chapter the Atair FEKO CEM software used for simulations for this
research is described. Also, the CAD tree model software (CADFEKO and Arbaro) used
to create highly detailed CAD tree models are discussed, and details on the tree models
are provided. These realistic trees required pre-processing because of the detail of the
models. The software used to pre-process these trees is Altair HyperMesh software. A
brief description on this software and processing is presented.

3.1 Simulation Software: FEKO
Altair FEKO is the software used to model the EM wave interaction with foliage.
The latest version used for the modeling and simulations is FEKO 2020.0.2. It is a
commercial software designed to solve a wide range of CEM problems by offering
multiple solution methods. Full wave frequency domain solution methods available are
the Method of Moments (MoM), the Finite Element Method (FEM) and the Multilevel
Fast Multipole Method (MLFMM). The full wave time domain solution method offered
is the Finite Difference Time Domain (FDTD). In addition, asymptotic solution methods
are available that solve Maxwell’s equations with certain assumptions and are equipped
for electrically very large problems. These asymptotic methods are the Physical Optics
(PO), the Large Element Physical Optics (LE-PO), Ray Launching Geometrical Optics
(RL-GO) and the Uniform Theory of Diffraction (UTD). Some of these methods can be
hybridized for more efficiency.
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FEKO is comprised of a few graphical user interfaces (GUI) modules,
CADFEKO, EDITFEKO and POSTFEKO, that each offer specialized tools, and is
designed with a user-guided and efficient workflow of option tabs from left to right that
aid the user in customary step by step modeling. A snapshot of the FEKO GUI is
displayed in Figure 10.
CAD model geometries and meshes can be imported into FEKO or models can be
designed from scratch in CADFEKO. Later in this chapter a symmetrical tree created in
CADFEKO is explained. Also, in this chapter, CAD tree model meshes that were
imported into FEKO are discussed. The EDITFEKO GUI is an advanced option that
allows users to create and edit models through scripting. PREFEKO is the language used
for this scripting. The POSTFEKO GUI is where the results are displayed and
postprocessed. Similar to the feature richness offered with the other two FEKO GUI’s,
POSTFEKO offers many options for displaying the results, depending on the requested
output. Some results can be shown in two-dimensional (2D), three-dimensional (3D) or
even animation. Fonts and plot lines can be manipulated, and additional equations can be
added to the plot line (e.g. scaling factors). Also, reports in Microsoft PowerPoint, Word
or PDF can be generated.
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Figure 10: Screenshot of Altair FEKO software GUI.

As described in the model verification and validation chapter (Chapter 4), several
different methods offered by FEKO are implemented and the optimal method for solving
the EM wave interaction with foliage was found to be MLFMM. This is because
MLFMM is best suited for solving electrically large problems (large trees at high
frequencies) with small details, such as the leaves and small branches on the trees.
MLFMM is a full wave frequency domain method that is current based. This method is
similar to MoM, however, the difference is that MLFMM groups basis functions and
calculates the interaction between these groups instead of individual basis functions.
Thus, the calculation time is reduced by having less interactions. The matrix solved with
the MoM solution is never fully calculated with the MLFMM solution. Instead the
MLFMM solution phase is an iterative solution that uses a fast matrix-vector product.
Depending on the model parameters, FEKO allows the option for MLFMM to be solved
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with an electrical field integral equation (EFIE), magnetic field integral equation (MFIE)
or combined field integral equation (CFIE).
A very important process when solving with FEKO, as with many other similar
software, is meshing the model. The mesh is a discrete interpolation of the model
geometry since using the exact model in a simulation is too computationally strenuous.
Creating a mesh that accurately represents the model is important because the accuracy of
the results hinge on it. There are several variables that determine the quality of the mesh
such as the mesh element (i.e. segments, triangles, tetrahedra and voxels) and size of the
mesh. The simulation frequency as well as the solution method also influence the mesh.
Thus, there are several options to choose regarding the influencing contributors.
Generally, it is recommended to start with a course mesh to get fast and initial
results for an idea of the output. Then mesh convergence tests for verification are
advised.

3.2 Computing Resources
Due to the size of the models and the high frequencies, simulations are ran on
high performance computing machines at Sandia National Laboratories (SNL) in New
Mexico (NM). There are various machines that have numerous central processing units
(CPUs) and large amounts of memory. One of the main computes used for simulations
for this research has a total processor count of 1792 and a total memory of 11 TB. The
make of the processors is Intel® Xeon® Platinum 8176 CPU @ 2.10 GHz running on a
Hewlett Packard Enterprise (HPE) Superdome Flex.
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3.3 CAD Tree Software
CADFEKO and Arbaro are the two different CAD software used to create the tree
models. A simple symmetrical tree was created in CADFEKO for validation purposes.
Other validation tree models and the two main research simulation tree models were
designed in and exported from Arbaro.

3.3.1 CADFEKO
CADFEKO is a module in FEKO where various simple to complex models are
constructed from scratch using primitive shapes such as cuboids, spheres, rectangles,
ellipses, etc. CADFEKO also offers a lot of other advanced options and features for
creating more precise and intricate models. Some of these options offered are curves and
arcs. Additionally, surfaces can be extended and modified in various ways. Ultimately,
models consist of regions, surfaces and/or edges. Each of these regions, surfaces or edges
can individually be parameterized with local meshes, material properties etc. CADFEKO
also allows for these models to be exported as a geometry or a mesh.

3.3.1.1 Symmetrical Tree Model
Before modeling and running simulations with complex realistic trees, a
symmetrical tree was created in CADFEKO for validation and calibration purposes.
Symmetrical results are expected from the symmetrical design of the tree. Simulation
frequencies used with this tree model are L-, X- and Ku-band. L- and X-band frequencies
are used as a benchmark since there is a lot of research in these frequency ranges.
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Additionally, various scene scenarios are simulated. In accordance with EM
phenomenology, general predictions of the results are anticipated at each frequency range
and different scene scenarios.
The symmetrical tree has trunk, branches and stems created from solid cylinders
with varying heights/lengths and diameters. Approximate dimensions of this tree model
came from a black walnut tree in [13]. The trunk has a height of 4 m with a diameter of
0.09 m. There are 6 branches each with a length of 0.54 m and diameter of 0.05 m. There
are 36 stems all with a length of 0.18 m and a diameter of 0.001 m. Each stem is paired
with a leaf that is created from an ellipse surface with a length of 0.2 m, a width of 0.07
m and a thickness of 0.0001 m. Operations such as copy, rotate and translate were used to
replicate each of the tree’s components. The overall height of the tree is about 4.45 m
with a canopy width of around 0.86 m. The symmetrical tree model is shown in Figure
11.
The dielectric values of this symmetrical tree are calculated using the dielectric
value equation model discussed in Chapter 2 [39]. A dielectric value equation model was
specifically needed because it is hard to find dielectric values for trees at Ku-band since
not much FOPEN literature in this frequency range is out there. Also, this equation
provides a consistent normalized method for calculating dielectric values across all
frequency ranges used in this research. All the calculated dielectric values for this
symmetrical tree assume a temperature of 22 ⁰C, bulk density of 0.33 g/cm and a
gravimetric moisture content of 0.68, which are values given in [39]. The trunk, branches
and stems are considered to have the same dielectric values. The leaf thickness of 0.1 mm
referenced in [13] was found to be a good rough average, therefore, all leaves/needles in
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this research assume this value. There is a minor difference at L-band versus X-band and
higher frequencies when assigning the corresponding dielectric values in FEKO. Note, no
frequencies between L- and X- band were used for simulations so the exact frequency at
which to assign the dielectric value differently is unknown.
For L-band simulations, the trunk regions are assigned the manually defined
dielectric values and the leaf faces are assigned the manually defined layered dielectric
values with a manually selected thickness of 0.1 mm. The relative permittivity is
calculated to be εr = 28.0383 – j9.0076 for leaves and εr = 28.4047 – j9.0651 for the
trunk.
For the high frequency simulations (i.e. X-band and Ku-band), MLFMM cannot
handle high loss material, thus, for solid object regions, an impedance sheet must be
assigned in FEKO. The first order surface impedance is equal to the characteristic
impedance of the dielectric medium. The impedance sheet real and imaginary parts are
calculated from the conductivity, permittivity, permeability and frequency as follows:

𝑍𝑠 = √

𝑧
𝑦

where,
𝑦 = 𝜎 + 𝜔𝜀2 + 𝑗𝜔𝜀1
and
𝑧 = 𝜔𝜇2 + 𝑗𝜔𝜇1
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The conductivity: σ = 0, the angular frequency: ω = (2π * frequency), the
permeabilities: 𝜇1 = 1 ∗ 𝜇0 and 𝜇1 = 1 ∗ 𝜇0 ; and the permittivities: 𝜀1 = 𝜀𝑟𝑟𝑒𝑎𝑙 ∗ 𝜀0 and
𝜀2 = 𝜀𝑟𝑖𝑚𝑎𝑔 ∗ 𝜀1, where 𝜀𝑟𝑟𝑒𝑎𝑙 and 𝜀𝑟𝑖𝑚𝑎𝑔 come from the calculated dielectric value
equation model [39]. The constants are considered for free space.
As mentioned, an impedance sheet must be assigned to the faces of solid regions
at X-band and higher frequencies. Therefore, the material assignment in FEKO for the
trunk region is free space and the trunk faces are assigned as the manually defined
impedance sheet. Leaf faces are assigned the manually defined layered dielectric values
with a manually selected thickness of 0.1 mm. At X-band, the relative permittivity of the
leaves is εr = 20.75 – j8.8838 and the trunk relative permittivity is εr = 21.092 – j9.0229
with a surface impedance of Zs = 20.0432 + j18.0831. For Ku-band, the relative
permittivity of the leaves is εr = 17.4081 – j9.5048 and the trunk relative permittivity is εr
= 17.6857 + j9.6739 with a surface impedance of Zs = 21.3453 + j19.2526.

Figure 11: Different view angles of the symmetrical tree model created in
CADFEKO.

35

3.3.2 Arbaro
Arbaro is a free online software, written in Java, used to create realistic CAD tree
models. The premises of the creation and rendering of this model is explained in [83].
The only files Arbaro reads in are XML files and it exports POV-RAY, DXF or
Wavefront OBJ files. A library of tree models already created exists for convenience or a
user can create trees from scratch. Various geometrical parameters are presented for
flexibility to allow a user to design a desired tree.
When starting to create a tree, a general menu with sub-menus of tree shape, trunk
radius and leaves establishes the main structure of the tree, Figure 12. During this initial
setup, the number of levels is selected. Levels refer to the recursion of branches/stems.
For example, the first level is just the trunk, the second level is the trunk with one level of
branches and so on. Once the main structure of the tree is created, there are parameter
menus for each designated level. Some of the parameters that are chosen are the tree
shape, tree height, trunk radius, leaf shape, stem length and curvature at each level.
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Figure 12: Snapshot of Arbaro software GUI.

To study the influence different types of trees and tree parameters have on
FOPEN, a deciduous and an evergreen tree were created for the main simulations.
Specifically, a quaking aspen tree (deciduous) and piñon pine tree (evergreen) were
designed in Arbaro. The tree dimensions for both models came from a conglomeration of
a general online search of the real-world dimensions of each tree species.
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3.3.2.1 Quaking Aspen Tree Model
The Arbaro design parameters of the quaking aspen tree model mostly came from
the quaking aspen tree file pulled from the Arbaro library, however, a few parameters
were changed. The height of the tree is 14 m, the trunk diameter is 0.5 m, the canopy
diameter is 6.6 m, the leaf width is 0.078 m and the leaf thickness is 0.0001 m. The
Arbaro parameters for this tree model are fully detailed in Appendix A. Figure 13
displays a snapshot of the quaking aspen tree model and a cluster of real quaking aspen
trees found in the Jemez Mountains in NM.
As for the dielectric value model calculation, the gravimetric moisture content for
the leaves is Mg = 0.8 and for the trunk is Mg = 0.5. These gravimetric moisture content
values of a quaking aspen tree are given in [15] & [84]. The bulk density of the leaves is
ρ = 0.25 g/cm3 and for the trunk is ρ = 0.4 g/cm3. These bulk density values for a
deciduous tree are given in [85] & [86]. The temperature is 20 ⁰C, which is an annual
temperature in Jemez Springs, NM, a place where these trees can be commonly found.
The ionic conductivity is σ = 1.27, which is a value given in [39]. Implementing these
parameters in the dielectric value model equation gives a relative permittivity at L-band
(1.3 GHz) of εr =36.6551 - j11.2909 for the leaves and εr =19.3309 – j6.4633 for the
trunk. The relative permittivity at Ku-band (16.7 GHz) is εr =21.3085 – j13.1560 for the
leaves, εr =11.1406 – j5.9810 for the trunk and the impedance sheet value for the trunk is
Zs = 35.0048 – j29.6380.
The CADFEKO symmetrical tree model previously mentioned is a solid object
and this quaking aspen Arbaro CAD tree model was imported as a mesh. Thus, there is a
slight difference how the material is assigned in FEKO, and with this mesh model, the
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front and back mediums need to be defined for all the mesh elements. For the L-band
simulations, the trunk/branch mesh front medium is assigned as frees space, the back
medium is assigned the manually defined dielectric value and the face medium is set to
dielectric boundary. The leaf mesh front and back medium are set to free space and the
face medium is assigned the manually defined layered dielectric value with a thickness of
0.1 mm. For the Ku-band simulations, the trunk/branch mesh front and back medium are
assigned as frees space and the face medium is assigned the manually defined impedance
sheet value. The leaf mesh front and back medium are set to free space and the face
medium is assigned the manually defined layered dielectric value with a thickness of 0.1
mm.

Figure 13: Quaking aspen tree model in FEKO and a cluster of real quaking aspen
trees found in the Jemez Mountains in NM.
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3.3.2.2 Piñon Pine Tree Model
To create the piñon pine tree, the Arbaro library tamarack tree file was loaded,
and the parameters were heavily varied. The height of the tree is 6 m, the trunk diameter
is 0.12 m, the canopy diameter at the base is 2 m, the canopy diameter at the top is 0.5 m,
the needle length is 0.04 m and the needle thickness is 0.0001 m. The Arbaro parameters
for this tree model are fully detailed in Appendix B. An approximate model of a moderate
foliage piñon pine tree versus a real piñon pine tree in Albuquerque, NM is shown in
Figure 14.
As for the dielectric value model calculation, the gravimetric moisture content for
the needles is Mg = 0.8 and for the trunk Mg = 0.6. These gravimetric moisture content
values of a pine species are given in [84]. The bulk density of the needles is ρ = 0.25
g/cm3 and for the trunk is ρ = 0.4 g/cm3. These bulk density values for a coniferous tree
are given in [85] & [86]. The temperature is 20 ⁰C, which is an annual temperature in
Jemez Springs, NM, a place where these trees can be commonly found. The ionic
conductivity is σ = 1.27, which is a value given in [39]. Implementing these parameters in
the dielectric value model equation gives a relative permittivity at L-band (1.3 GHz) of εr
= 36.6551 - j11.2909 for the needles and εr = 25.5800 – j8.2261 for the trunk. The
relative permittivity at Ku-band (16.7 GHz) is εr = 21.3085 – j13.1560 for the needles, εr
= 14.7923 – j8.5602 for the trunk and the impedance sheet value for the trunk is Zs =
24.9415 – j22.1975.
The CADFEKO symmetrical tree model previously mentioned is a solid object
and this piñon pine Arbaro CAD tree model was imported as a mesh. Thus, there is a
slight difference how the material is assigned in FEKO, and with this mesh model, the
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front and back mediums need to be defined for all the mesh elements. For the L-band
simulations, the trunk/branch mesh front medium is assigned as frees space, the back
medium is assigned the manually defined dielectric value and the face medium is set to
dielectric boundary. The needle mesh front and back medium are set to free space and the
face medium is assigned the manually defined layered dielectric value with a thickness of
0.1 mm. For the Ku-band simulations, the trunk/branch mesh front and back medium are
assigned as frees space and the face medium is assigned the manually defined impedance
sheet value. The needle mesh front and back medium are set to free space and the face
medium is assigned the manually defined layered dielectric value with a thickness of 0.1
mm.
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Figure 14: Piñon pine tree model in FEKO and a real piñon pine tree in
Albuquerque, NM.

3.4 Pre-processing Software
Due to the detail and geometry of these Arbaro CAD tree models, both tree
models required scrupulous pre-processing in Altair HyperMesh software first and then
they were exported as a mesh.
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3.4.1 Altair HyperMesh
Altair HyperMesh is a finite element pre-processing software that supports many
CAD and solver interfaces. Both CAD geometry and meshes can be imported, optimized
for simulation with the many tools offered and exported as a geometry or a mesh. The
Arbaro CAD models had to first be imported into FEKO and saved as a type of file that
allows for pre-processing in HyperMesh. Once imported into HyperMesh the trunk,
branches and stems were organized into one component folder and all the leaves were
organized into another component folder. Parts of the trees with poor geometry were
manually deleted and/or repaired. Several more pre-processing steps were taken and
lastly a mesh control was set separately for the leaves and the branches/trunk. The preprocessing details of each of these trees are planned to be documented in an Altair
whitepaper.
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CHAPTER 4: MODEL VERIFICATION & VALIDATION

Model verification and validation were carried out to ensure FEKO was the
correct tool for this problem. Simulation results from different articles were first used for
verification of FEKO implementation. Simple canonical and complex objects modeled in
these articles were reconstructed in FEKO, and the results were successfully replicated
with very good agreement. Also, measured data of a simple canonical object was used for
validation, and the FEKO results agreed well with the measured data. This verification
process was then expanded to a symmetrical tree model. Different material and scene
scenarios with this symmetrical tree model were implemented and the results all
concurred with the expectations of electromagnetic physics. Several different FEKO
solution methods were considered for each problem and the method most appropriate for
each model was employed.

4.1 Model Verification with Simple Canonical Objects
The first model considered was a dielectric sphere in free space presented by [87].
The authors used a method called Volume-Element-Free Scheme (VEFS). The sphere
radius is 0.32λ with a permittivity of 3.75. The frequency considered is 300 MHz with an
incident plane wave source where theta = 0⁰ and phi = 0⁰. The results obtained are bistatic
Radar Cross Section (RCS) with theta = 0⁰ - 180⁰; increment of 1⁰, and phi = 0⁰ for a
polarization of vertical vertical (VV) and horizontal horizontal (HH). When replicating
the results, the solver utilized was MoM because of the frequency and the electrically
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small sphere. A side by side comparison and an overlay of the results obtained in FEKO
and the results from the article are shown in Figure 15 (a – c).

(a)

(b)

(c)
Figure 15: Bistatic VV and HH RCS (dBsm) results from a dielectric sphere: (a)
FEKO results, orange line (VV) and green line (HH); (b) article [87] results, dark
blue and purple lines (VV) and red and light blue lines (HH); (c) FEKO results
overlaid on the article results.
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Another model replicated was a perfect electric conducting (PEC) sphere model
in free space from [88]. The method used in the article is a mixed-form fast multipole
algorithm (Mixed-form (FMA)). The PEC sphere has a radius of 1 m, the frequency is
0.24 GHz and the source is an incident plane wave with theta = 0⁰ and phi = 0⁰. The
bistatic RCS is calculated for theta = 0⁰ - 180⁰; increment of 1⁰, and phi = 0⁰ with a
polarization of VV. MLFMM is the optimal method for the replicated simulation because
of the size of the sphere. The results solved with FEKO and the results from the article
are shown in Figure 16 (a – c).
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(a)

(b)

(c)
Figure 16: Bistatic VV RCS (dBsm) results from a PEC sphere: (a) FEKO results,
green line; (b) article [88] results, black line and black X; (c) FEKO results overlaid
on the article results.

A PEC cube and a dielectric sphere modeled in [89] were replicated. For the PEC
cube, the authors compare several MoM-discretizations: Electric-Field Integral Equation
(EFIE) with Rao-Wilton-Glisson (RWG) basis functions, Electric-Magnetic Field
Integral Equation (EMFIE) with divergence-Taylor-Orthogonal (div-TO) basis functions,
Magnetic-Field Integral Equation (MFIE) with RWG basis functions and MFIE with div-
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TO basis functions. The diameter of the cube is 0.2 m, the frequency is 300 MHz, the
model is meshed with 588 triangles and the source is an incident plane wave with theta =
0⁰ and phi = 0⁰. The total bistatic RCS is calculated in the yz-plane with theta from 0⁰ –
90⁰; increment 2⁰, and phi = 90⁰ with a polarization of VV. The method used to reproduce
this problem was MoM because of the low frequency. Note, the FEKO model was
meshed with 576 triangles. Figure 17 (a – c) display the results.
As for the dielectric sphere solved in this article, since it is penetrable material,
the MoM-discretization analyzed are Poggio-Miller-Chang-Harrington-Wu-Tsai
(PMCHWT) with RWG basis functions, Muller with RWG basis functions, Muller with
ORT1 and Mueller-EMME (Electric-Magnetic-Magnetic-Electric) with ORT1. The
sphere radius is 0.1 m with a relative permittivity of 2, meshed with 128 triangles and the
simulation parameters are the same as for the PEC cube. Note, the FEKO model was
meshed with 126 triangles. The comparison total RCS results are in Figure 18 (a – c).
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(a)

(b)

(c)
Figure 17: Total bistatic VV RCS (m2) results from a PEC cube: (a) FEKO results,
blue line; (b) article [89] results, all black lines; (c) FEKO results overlaid on the
article results.
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(a)

(b)

(c)
Figure 18: Total bistatic VV RCS (dBsm) results from a dielectric sphere: (a) FEKO
results, purple line; (b) article [89] results, all black lines; (c) FEKO results overlaid
on the article results.

A dielectric cube was solved using RL-GO because of the simulation high
frequency. The parameters used were from two different articles [90], [91] that both
modeled a dielectric cube with a length of 0.12 m, a dielectric constant of 2.7 - j0.01 and
solved at a frequency of 30 GHz. The authors in [90] used GO to calculate the monostatic
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RCS with an incident plane wave where theta = 90⁰ and phi = 0⁰ - 45⁰ using an increment
of 0.1⁰. They simulated both polarizations, i.e. VV and HH. The results from [90] as well
as the replicated FEKO results are shown in Figure 19 (a – c) for VV polarization and
Figure 20 (a – c) for HH polarization.

(a)

(b)

(c)
Figure 19: Monostatic VV RCS (dBsm) results from a dielectric cube: (a) FEKO
results, pink line; (b) article [90] results, blue line, black dashed line and green line;
(c) FEKO results overlaid on the article results.
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(a)

(b)

(c)
Figure 20: Monostatic HH RCS (dBsm) results from a dielectric cube: (a) FEKO
results, pink line; (b) article [90] results, blue line, black dashed line and green line;
(c) FEKO results overlaid on the article results.

As for the simulation of the dielectric cube in [91], the source setup is slightly
different having an incident plane wave of theta = 90⁰ and phi = 0⁰ - 90⁰ using an
increment of 0.1⁰. In this article, the method used a ray-density normalization (RDN)
with PO and physical theory of diffraction (PTD). They provided measured and
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simulated monostatic RCS data for both VV and HH. Figure 21 (a - c) display the results
of the FEKO simulation compared to the measured data in the article [91] and Figure 22
(a – c) show the comparison of the FEKO simulated results to the simulated results in
[91].

(a)

(b)

(c)
Figure 21: Monostatic VV and HH RCS (dBsm) results from a dielectric cube: (a)
FEKO results, green line (VV) and black line (HH); (b) article [91] measured
results, blue line (VV) and red line (HH); (c) FEKO results overlaid on the article
measured results.
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(a)

(b)

(c)
Figure 22: Monostatic VV and HH RCS (dBsm) results from a dielectric cube: (a)
FEKO results, green line (VV) and black line (HH); (b) article [91] simulated
results, blue line (VV) and red line (HH); (c) FEKO results overlaid on the article
simulated results.

Two other models simulated was a coating plate and sphere that were modeled in
[92]. The authors in the article used FEKO to simulate a full scale model, a theoretical
model and a designed model. Both of the theoretical and designed models are 1/5 of the

54

full scale model. The results obtained for all the models are transverse electric (TE)
monostatic RCS with an incident plane wave theta = 0⁰ - 90⁰; increment of 1⁰, and phi =
0⁰. All the coating plates and spheres have a coating permittivity of 14.49 - j0.12 and
permeability of 3.56 - j1.12 with a bottom PEC face for the plates and a PEC core for the
spheres. The frequency is 2 GHz for the full scale models and 10 GHz for the theoretical
models. The full scale plate has a length = 0.5 m, width = 0.5 m and coating thickness =
0.002 m. The theoretical plate has length = 0.1 m, width = 0.1 m and coating thickness =
0.0004 m. The full scale sphere has a diameter = 0.5 m and a coating thickness = 0.002
m. The theoretical sphere has a diameter = 0.1 m and coating thickness = 0.0004 m.
These replicated models were solved using MLFMM and the results from the simulation
and the article for the coating plate are shown in Figure 23 (a – d), and Figure 24 (a – d)
for the coating sphere.
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(a)

(b)

(c)

(d)

Figure 23: Monostatic HH RCS (dBsm) results from a coating plate: (a) FEKO full
scale results, pink line; (b) FEKO theoretical results, green line; (c) article [92] full
scale and theoretical results, black line with square (full scale) and red line with
circle (theoretical); (d) FEKO results overlaid on the article results.
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(a)

(b)

(c)

(d)

Figure 24: Monostatic HH RCS (dBsm) results from a coating sphere: (a) FEKO
full scale results, red line; (b) FEKO theoretical results, orange line; (c) article [92]
full scale and theoretical results, black line with square (full scale) and red line with
circle (theoretical); (d) FEKO results overlaid on the article results.

4.2 Model Verification with Complex Objects
A more complex model replicated was a PEC triangular trihedral with an
extended bottom plate found in [93]. In the report, the methods used are a geometric
formula, Xpatch and SAIC full-wave solver (SAF). The authors provide results for the
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geometric formula, the triangular trihedral (VV and HH) and the triangular trihedral with
the extended bottom plate (VV and HH). The complex target of interest for model
verification is the triangular trihedral with the extended bottom plate. The interior edge
dimensions of the triangular trihedral is 0.15 m and the extended bottom plate radius is
0.5 m. The frequency is 10 GHz and the source is an incident plane wave where theta =
75⁰ (elevation = 15⁰) and phi = 0⁰ - 90⁰ with an increment of 1⁰. The monostatic RCS is
calculated at VV and HH. The asymptotic RL-GO method is used to replicate the results
from the report, all of which are seen in Figure 25 (a – c).
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(a)

(b)

(c)
Figure 25: Monostatic VV and HH RCS (dBsm) results from a PEC triangular
trihedral with an extended bottom plate: (a) FEKO results, pink line (VV) and blue
line (HH); (b) report [93] results, solid black line, red dashed line with circle (VV)
and green dashed line with circle (HH); (c) FEKO results overlaid on the report
results.
Another complicated object modeled is the real world, well known SAR target,
SLICY, (Sandia Laboratories Implementation of Cylinders) that is made up of various
reflectors. The CAD model used to replicate results from [94] was provided by [95].
Pictures of both the real target and the CAD model are displayed in Figure 26 (a) & (b).
In the article, the results presented are from the proposed scattering center model and the
actual RCS data from the SLICY target. For the replicated results in FEKO, RL-GO is
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used to compute the HH monostatic RCS results with an incident plane wave at theta =
45⁰ and phi = -3.4⁰ to 3.4⁰ with an increment of 0.05⁰ and a frequency of 9 GHz. Figure
27 (a – c) show these results versus the results from the article.

(a)

(b)

Figure 26: (a) Photo of the real world SLICY target [43]; (b) Picture of the SLICY
CAD model imported into FEKO.
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(a)

(b)

(c)
Figure 27: Monostatic HH RCS (dBsm) results from SLICY: (a) FEKO results, red
line; (b) article [94] scattering center model results and actual RCS data, solid black
line (scattering center model) and black line with a dot (actual RCS data); (c) FEKO
results overlaid on the article results.

4.3 Model Validation with Measured Data
For a comparison of simulated data versus actual measured data, the monostatic
RCS of a 19-inch PEC sphere was measured in one of Sandia National Laboratories
(SNL) certified radar testing facilities. The frequency spanned the range 1.85 – 18.25
GHz with the incident plane wave where theta = 0⁰ and phi = 45⁰. The measured data
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included the frequency and the RCS magnitude and phase values for both VV and HH.
This data was put in an excel spreadsheet and a code was created in MATLAB to pull the
data from the excel spreadsheet and plot the RCS values versus frequency. These results
were first replicated in FEKO with the PO method because of the large frequency range.
The simulated results agree well with the measured data, which is illustrated in Figure 28
(a – c) and Figure 29 (a – c). The MLFMM solver in FEKO was also used to simulate the
measured results. A smaller frequency range (1.85 – 3 GHz) was selected because of
computational restraints using MLFMM, however, the calculation from this subset of
frequencies compared well to the measured data, which is shown in Figure 30 (a – c).
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(a)

(b)

(c)
Figure 28: Monostatic VV RCS (dBsm) magnitude results from a 19” PEC sphere:
(a) FEKO PO results, purple line; (b) measured data, blue line; (c) FEKO results
overlaid on the measured data.
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(a)

(b)

(c)
Figure 29: Monostatic HH RCS (dBsm) phase results from a 19-inch PEC sphere:
(a) FEKO PO results, green line; (b) measured data, blue line; (c) FEKO results
overlaid on the measured data.
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(a)

(b)

(c)
Figure 30: Monostatic VV RCS (dBsm) magnitude results from a 19-inch PEC
sphere: (a) FEKO MLFMM results, pink line; (b) measured data, blue line; (c)
FEKO MLFMM results overlaid on the measured data.

4.4 Model Verification with a Symmetrical Tree Model
Another verification effort involves various simulation scene scenarios using the
symmetrical CAD tree model created from scratch in CADFEKO that was described in
Chapter 3. The tree was purposefully designed symmetrically to test for symmetry in
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order to validate the simulation results. The height of the tree is about 4.45 m and the
canopy width is around 0.86 m. The trunk diameter is 0.09 m and the thickness of each
leaf is 0.0001 m. MLFMM is used because of the size and detail of the tree. Several
different scene scenarios are simulated at 3 different frequencies: L-band (1.25 GHz), Xband (9.6 GHz) and Ku-band (15 GHz). The model scenarios are: (1) a symmetrical
dielectric tree in free space, (2) a symmetrical PEC tree in free space (3) a symmetrical
dielectric tree on a soil ground plane and (4) 2 symmetrical dielectric trees located 2 m
apart in free space (simulated only at L-band). The ground plane is a built in FEKO
homogenous half space in region Z < 0, which is a reflection coefficient approximation.
This ground plane is assigned a dielectric value of soil with a dielectric constant of εr =
5.0 – j0.7 for all frequencies, which is referenced in [13]. Most of the tree properties and
frequencies come from [13]. The dielectric values of the leaves and the trunk of the
symmetrical tree model are calculated by the dielectric value model equation discussed in
Chapter 2 and detailed in [39]. All the calculated dielectric values assume a temperature
of 22 ⁰C, bulk density of 0.33 and a gravimetric moisture content of 0.68. At L-band
(1.25 GHz), the relative permittivity of the leaves is εr = 28.0383 – j9.0076 and the
relative permittivity of the trunk and branches is εr = 28.4047 – j9.0651. As explained in
Chapter 3, X-band (9.6 GHz) and Ku-band (15 GHz) trunk and branch materials have to
be modeled with an impedance sheet because MLFMM cannot handle high loss material.
At X-band the relative permittivity of the leaves is εr = 20.75 – j8.8838 and the trunk and
branches relative permittivity is εr = 21.092 – j9.0229 with a surface impedance of Zs =
20.0432 + j18.0831. For Ku-band, the relative permittivity of the leaves is εr = 17.4081 –
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j9.5048 and the trunk/branches/stems relative permittivity is εr = 17.6857 + j9.6739 with
a surface impedance of Zs = 21.3453 + j19.2526.
Two different incident plane waves are simulated at theta = -50⁰, phi = 0⁰ and
theta = 50⁰, phi = 0⁰ for all the scenarios at each frequency. The bistatic RCS is recorded
for theta = -90⁰ to 90⁰; increment of 5⁰, and phi = 0⁰ with a polarization of VV. Figure 31
displays the symmetrical tree with the simulation parameters in FEKO.

Figure 31: Symmetrical tree and simulation setup in FEKO with an incident angle
of theta = -50⁰, phi = 90⁰ and theta = 50⁰, phi = 90⁰.

The bistatic RCS results with plane wave theta = -50⁰ and theta = 50⁰ are
symmetrical for all scenarios at each frequency, which demonstrates that the setup and
the solver are outputting expected results. For L-band, these results are viewed in Figure
32 (a - c) for a symmetrical dielectric tree in free space, Figure 33 (a - c) for a
symmetrical PEC tree in free space, Figure 34 (a - c) for a symmetrical dielectric tree
over a soil ground plane and Figure 35 (a - c) for two symmetrical dielectric trees located
2 m apart in free space. For X-band, the results are displayed in Figure 36 (a - c) for a
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symmetrical dielectric tree in free space, Figure 37 (a - c) for a symmetrical PEC tree in
free space and Figure 38 (a - c) for a symmetrical dielectric tree over a soil ground plane.
For Ku-band the results are shown in Figure 39 (a - c) for a symmetrical dielectric tree in
free space, Figure 40 (a - c) for a symmetrical PEC tree in free space and Figure 41 (a - c)
for a symmetrical dielectric tree over a soil ground plane.

(a)

(b)

(c)
Figure 32: Bistatic VV RCS (dBsm) results for a symmetrical dielectric tree in free
space at L-band for: (a) incident plane wave theta = -50⁰; (b) incident plane wave
theta = 50⁰; (c) incident plane wave theta = 50⁰ (purple line) reversed and overlaid
on incident plane wave theta = -50⁰ (green line).
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(a)

(b)

(c)
Figure 33: Bistatic VV RCS (dBsm) results for a symmetrical PEC tree in free space
at L-band for: (a) incident plane wave theta = -50⁰; (b) incident plane wave theta =
50⁰; (c) incident plane wave theta = 50⁰ (purple line) reversed and overlaid on
incident plane wave theta = -50⁰ (green line).
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(a)

(b)

(c)
Figure 34: Bistatic VV RCS (dBsm) results for a symmetrical dielectric tree over a
soil ground plane at L-band for: (a) incident plane wave theta = -50⁰; (b) incident
plane wave theta = 50⁰; (c) incident plane wave theta = 50⁰ (purple line) reversed
and overlaid on incident plane wave theta = -50⁰ (green line).
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(a)

(b)

(c)
Figure 35: Bistatic VV RCS (dBsm) results for 2 symmetrical dielectric trees located
2 m apart in free space at L-band for: (a) incident plane wave theta = -50⁰; (b)
incident plane wave theta = 50⁰; (c) incident plane wave theta = 50⁰ (purple line)
reversed and overlaid on incident plane wave theta = -50⁰ (green line).
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(a)

(b)

(c)
Figure 36: Bistatic VV RCS (dBsm) results for a symmetrical dielectric tree in free
space at X-band for: (a) incident plane wave theta = -50⁰; (b) incident plane wave
theta = 50⁰; (c) incident plane wave theta = 50⁰ (purple line) reversed and overlaid
on incident plane wave theta = -50⁰ (green line).
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(a)

(b)

(c)
Figure 37: Bistatic VV RCS (dBsm) results for a symmetrical PEC tree in free space
at X-band for: (a) incident plane wave theta = -50⁰; (b) incident plane wave theta =
50⁰; (c) incident plane wave theta = 50⁰ (purple line) reversed and overlaid on
incident plane wave theta = -50⁰ (green line).
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(a)

(b)

(c)
Figure 38: Bistatic VV RCS (dBsm) results for a symmetrical dielectric tree over a
soil ground plane at X-band for: (a) incident plane wave theta = -50⁰; (b) incident
plane wave theta = 50⁰; (c) incident plane wave theta = 50⁰ (purple line) reversed
and overlaid on incident plane wave theta = -50⁰ (green line).
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(a)

(b)

(c)
Figure 39: Bistatic VV RCS (dBsm) results for a symmetrical dielectric tree in free
space at Ku-band for: (a) incident plane wave theta = -50⁰; (b) incident plane wave
theta = 50⁰; (c) incident plane wave theta = 50⁰ (purple line) reversed and overlaid
on incident plane wave theta = -50⁰ (green line).
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(a)

(b)

(c)
Figure 40: Bistatic VV RCS (dBsm) results for a symmetrical PEC tree in free space
at Ku-band for: (a) incident plane wave theta = -50⁰; (b) incident plane wave theta =
50⁰; (c) incident plane wave theta = 50⁰ (purple line) reversed and overlaid on
incident plane wave theta = -50⁰ (green line).
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(a)

(b)

(c)
Figure 41: Bistatic VV RCS (dBsm) results for a symmetrical dielectric tree over a
soil ground plane at Ku-band for: (a) incident plane wave theta = -50⁰; (b) incident
plane wave theta = 50⁰; (c) incident plane wave theta = 50⁰ (purple line) reversed
and overlaid on incident plane wave theta = -50⁰ (green line).

When comparing every scene setup at one frequency, the RCS values comply
with the physics of EM. There is more reflection from the PEC tree in free space than the
dielectric tree in free space, and the dielectric tree over a ground plane has the highest
RCS values compared to the other scenarios. A comparison of every scenario for each
frequency with an incident plane wave theta = 50⁰ are displayed in Figure 42 (a – d) for
L-band, Figure 43 (a – c) for X-band and Figure 44 (a – c) for Ku-band.
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(a)

(b)

(c)

(d)

Figure 42: Bistatic VV RCS (dBsm) results at L-band for incident plane wave theta
= 50⁰: (a) a symmetrical dielectric tree in free space; (b) a symmetrical PEC tree in
free space; (c) a symmetrical dielectric tree on a soil ground plane; and (d) 2
symmetrical dielectric trees located 2 m apart in free space.
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(a)

(b)

(c)
Figure 43: Bistatic VV RCS (dBsm) results at X-band for incident plane wave theta
= 50⁰: (a) a symmetrical dielectric tree in free space; (b) a symmetrical PEC tree in
free space; (c) a symmetrical dielectric tree on a soil ground plane.
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(a)

(b)

(c)
Figure 44: Bistatic VV RCS (dBsm) results at Ku-band for incident plane wave
theta = 50⁰: (a) a symmetrical dielectric tree in free space; (b) a symmetrical PEC
tree in free space; (c) a symmetrical dielectric tree on a soil ground plane.

In addition, each scenario was compared across the three frequencies. These
results make sense as well with L-band having lower RCS values (i.e. less scattering) and
Ku-band having the highest RCS values (i.e. the most scattering). These frequency
comparison graphs are shown in Figure 45 (a – c) for a symmetrical dielectric tree in free
space, Figure 46 (a – c) for a symmetrical PEC tree in free space, and Figure 47 (a – c)
for a symmetrical dielectric tree on a soil ground plane. All the results verify that the
solver and the solver setup are implemented and simulating correctly.
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(a)

(b)

(c)
Figure 45: Bistatic VV RCS (dBsm) results for a symmetrical dielectric tree in free
space with incident plane wave theta = 50⁰: (a) L-band; (b) X-band; (c) Ku-band.
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(a)

(b)

(c)
Figure 46: Bistatic VV RCS (dBsm) results for a symmetrical PEC tree in free space
with incident plane wave theta = 50⁰: (a) L-band; (b) X-band; (c) Ku-band.
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(a)

(b)

(c)
Figure 47: Bistatic VV RCS (dBsm) results for a symmetrical dielectric tree on a soil
ground plane with incident plane wave theta = 50⁰: (a) L-band; (b) X-band; (c) Kuband.

Additional verification simulations were carried out where the dielectric tree
model in free space was solved without leaves (trunk and branches only) and with leaves
(full tree) at each frequency. These results also proved to confirm the integrity of the
solver and the model. At L-band, there was a negligible difference in the results between
the tree with leaves and the tree without leaves. This was expected since the wavelengths
at this frequency (0.24 m) are very large compared to the leaves and thus do not
significantly contribute to the scattering. The leaves from the X-band, and even more so
the Ku-band, have an increased scattering affect since as the frequency increases the
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wavelengths gets smaller and the size of the leaves become larger relative to the smaller
wavelengths, consequently creating more scattering. These RCS value comparisons are
presented in Figure 48 (a) & (b) for L-band, Figure 49 (a) & (b) for X-band and Figure 50
(a) & (b) for Ku-band.

(a)

(b)

Figure 48: Bistatic VV RCS (dBsm) results for a symmetrical dielectric tree in free
space with incident plane wave theta = 50⁰ at L-band: (a) without leaves (trunk and
branches only) and (b) with leaves (full tree).

(a)

(b)

Figure 49: Bistatic VV RCS (dBsm) results for a symmetrical dielectric tree in free
space with incident plane wave theta = 50⁰ at X-band: (a) without leaves (trunk and
branches only) and (b) with leaves (full tree).
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(a)

(b)

Figure 50: Bistatic VV RCS (dBsm) results for a symmetrical dielectric tree in free
space with incident plane wave theta = 50⁰ at Ku-band: (a) without leaves (trunk
and branches only) and (b) with leaves (full tree).

4.5 Model Validation with a CAD Tree Model
For further verification, a CAD tree model created in Arbaro was implemented to
simulate results from an article where an Arbaro CAD tree model was also employed
[96]. The authors used the quaking aspen CAD tree file from the Arbaro library to
analyze scattering characterizations. They used the FDTD method to solve the problem at
low frequencies from 200 – 500 MHz (P-band). Since the contribution from the leaves on
the tree is negligible at these low frequencies, simulations in this article were carried out
for the tree trunk only, the tree trunk with primary branches and the tree trunk with
primary and secondary branches (Figure 51). The tree height is 7.4 m and the base
diameter is 0.34 m. The trunk has a relative permittivity of 13.9 and a conductivity of
0.039 S/m. The ground plane is soil with a relative permittivity of 5.45 and a conductivity
of 0.020 S/m. The monostatic RCS results with polarizations VV and HH are calculated
with an incident plane wave of theta = 45⁰, 60⁰, 75⁰ and an averaging of the responses
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over 36 phi angles. For the replicated results in FEKO, MLFMM was used to simulate
the trunk only model over a soil ground plane of homogenous half space in region Z < 0
(reflection coefficient approximation) (Figure 51). The trunk model imported into FEKO
was created from the quaking aspen Arbaro CAD tree library file. Because an averaging
of phi angles cannot directly be calculated in FEKO, different selected phi angles were
calculated and compared with the phi averaging results calculated in the article, which are
displayed in Figure 52 (a – d) for an incident angle of theta = 45⁰, phi = 45⁰, 90⁰ and 225⁰;
Figure 53 (a) & (b) for incident angle theta = 60⁰, phi = 45⁰; and Figure 54 (a) & (b) for
incident angle theta = 75⁰, phi = 45⁰.
The results in the article and the replicated results are similar. The curves follow
the same trend and are within comparable dB ranges, however, they are not exact. This
can be due to the variation of how the phi angle is handled. Also, the article does not
explain how the ground plane was solved so this could be the difference as well. In
addition, not having the exact tree model or tree model orientation will give at least a
slight variance in results. Lastly, calculating the RCS with different solvers can cause
varying plots.

Figure 51: Side by side comparison of the imported quaking aspen trunk only tree
model in FEKO and the various models of the tree in the article [96].
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(a)

(b)

(c)

(d)

Figure 52: Monostatic VV (blue lines) and HH (green lines) RCS (dBsm) results
from a quaking aspen tree trunk: (a) FEKO results for theta = 45⁰, phi = 45⁰; (b)
FEKO results for theta = 45⁰, phi = 90⁰; (c) FEKO results for theta = 45⁰, phi = 225⁰;
(d) article results [96] for theta = 45⁰, an average of 36 phi angles; dotted lines
(trunk), dashed lines (trunk and primary branches), solid lines (trunk, primary and
secondary branches).
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(a)

(b)

Figure 53: Monostatic VV (blue lines) and HH (green lines) RCS (dBsm) from a
quaking aspen tree trunk: (a) FEKO results for theta = 60⁰, phi = 45⁰ and (b) article
[96] results for theta = 60⁰, an average of 36 phi angles; dotted lines (trunk), dashed
lines (trunk and primary branches), solid lines (trunk, primary and secondary
branches).

(a)

(b)

Figure 54: Monostatic VV (blue line) and HH (green line) RCS (dBsm) from a
quaking aspen tree trunk: (a) FEKO results for theta = 75⁰, phi = 45⁰ and (b) article
[96] results for theta = 75⁰, an average of 36 phi angles; dotted lines (trunk), dashed
lines (trunk and primary branches), solid lines (trunk, primary and secondary
branches).
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Several diverse model simulations were replicated for verification and validation
of the employed solver and the accuracy of setup. Different methods were utilized for
familiarity with each one and as a preliminary exercise to find the appropriate and
optimal solver for the FOPEN problem. Verification started with simple canonical
models from articles then advanced to more complex models. For a more complete
validation process, measured data was replicated, and eventually the verification process
progressed to a full symmetrical tree model and an externally designed imported CAD
tree trunk model. As mentioned earlier, through this implementation and validation,
MLFMM is deemed the best method to solve simulations of a realistic full tree model at
higher frequencies.
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CHAPTER 5: FOPEN MODEL SCENE & SIMULATION SETUP

Before simulations were carried out, desired scene scenarios and parameters were
premeditated and computed. This involved considering sampling, post-processing,
resolution and calculating scene parameters.

5.1 FOPEN Scene
For the basic FOPEN model scene setup, each tree is in free space with a PEC
triangular trihedral target and an incident plane wave source. For now, a ground plane is
not modeled in order to keep the simulation basic and to reduce added complexity of
backscatter from the ground. A triangular trihedral target is chosen because the goal is to
ensure an object under the tree that will give obvious and strong backscatter. Triangular
trihedrals are a well-studied and commonly used simulated point target, and this will help
with deciphering signatures in the simulation results [97]. An incident plane wave is
desired since the interest is in remote SAR systems. The simplified geometry of a SAR
system that was shown in Chapter 1 aides in the understanding of the descriptions of the
FOPEN scene setup, therefore, this figure is displayed again for convenience (Figure 55).
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Figure 55: Repeated image of a simplified geometry of a SAR system.

5.1.1 Simulation Parameters
The parameters of the incident plane wave are theta angles, phi angles and
increment angles. Theta is considered the incident angle and 45⁰ is used for every
simulation because it is a good angle compromise for a steep enough grazing angle to
allow for having to go through less foliage, yet geometric distortion in a SAR image is
minimized. The phi angle (the azimuth angle) is set as a range of optimum values for
most of the simulations. However, for a select few of the simulations the phi angle is set
to one single value. Later in this section, it is described how the phi angle range is
calculated as well as the increments (samples).
The frequencies utilized for the FOPEN simulations are 1.3 GHz (L-band) and
16.7 GHz (Ku-band). These exact frequency values are selected because they are
considered to be the center frequency in their respective frequency range according to
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[98]. Reiterated throughout this dissertation, the Ku-band is the frequency range of
interest, however, an L-band frequency is chosen because there are a lot of existing
measured and simulated FOPEN data in this range that can be used as a benchmark. Also,
simulations run significantly faster at this lower frequency, therefore this frequency is
used to obtain results faster for assessment and vetting before the Ku-band simulation is
ran. For some of the simulations the frequency is set to a single frequency. And for
another set of simulations the frequency is set to a bandwidth of frequencies within that
particular range. These bandwidths are used to achieve range resolution. Later in this
section there is a discussion of how the frequency range and bandwidth are calculated as
well as the number of frequency samples.

5.1.2 Scene Setup
Since this study is mostly about exploring Ku-band potential for FOPEN, setting
up the scene for success is important. As mentioned earlier, the plane wave incident angle
() is 45⁰ to ensure minimal foliage interaction and geometric distortion in a SAR image.
The geometry setup for the scene is a straight line from the incident plane wave through
the center of the tree to the apex of the triangular trihedral target. The dimensions of the
interior edge of the triangular trihedral need to be at least 10 wavelengths to allow good
agreement with calculations based on geometric optics. Thus, the target size depends on
the frequency band. The required distance between the tree and the front edge of the
target is
𝑑 = ℎ tan(𝜃)
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where h is the height from the ground to the center of the tree and θ is the incident angle
of the plane wave source. This geometry setup is displayed in Figure 56.

Figure 56: Geometry of the scene setup.

5.1.3 Sampling
The correct sampling parameters are important to ensure accurate signals are being
captured in the whole scene and that there are no distortions such as aliasing. Consider a
band-limited signal of bandwidth B centered at f0. Employing quadrature demodulation,
for sampling and to avoid aliasing in the range (frequency) direction, the Nyquist
criterion is adhered, and the final baseband sampling frequency (fs) is at least the total
signal bandwidth B,
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𝑓𝑠 > 𝐵

Note that for quadrature demodulation, the resulting baseband samples are complex
valued.
Using similar arguments for frequency-domain sampling, for all times of interest,

∆𝑓 <

1
𝑇

where ∆f is the frequency spacing and T is a positive time interval.

The time interval of interest in radar correlates to a set of ranges that provide echo
returns. It is important that these echo returns are not aliased. The round-trip range (r0) is
related to time delay (t0) by
𝑐
𝑟0 = 𝑡0
2

where c is the speed of light.

This same relationship is implemented to find a time interval (T) related to a range
interval (Dr),
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𝐷𝑟 =

𝑐
𝑇 .
2

The range interval applied to a tree is depicted in Figure 57. When looking down
range from the radar, the interval of interest is the near edge of the tree (i.e. the tree edge
closest to the radar) to the apex of the triangular trihedral. The Born approximation,
which is essentially ignoring multiple reflections, is applied when calculating this
interval.

Figure 57: Range interval (Dr) applied to a FOPEN scene.

The frequency spacing, mentioned earlier, can be calculated with the range
interval and is given by
∆𝑓 <

𝑐
.
2𝐷𝑟
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When computing the frequency spacing, it is best to use a range extend scene size
that is estimated from the range interval to ensure there will be no aliasing.

The range resolution (ρr), which helps to distinguish targets, is calculated by

𝑐
2𝐵

𝜌𝑟 =

where as before B is the signal bandwidth, and by rearranging the range resolution
equation, is calculated by
𝐵=

𝑐
.
2𝜌𝑟

For sampling and to avoid aliasing in the cross-range (i.e. azimuth, phi) direction,
the same methods apply and the angle spacing is

∆𝜙 <

𝜆
2𝐷𝑥

𝑐

where Dx is the cross-range interval (Figure 58) and 𝜆 = 𝑓.
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The total span of angle steps (i.e. angular span) based on azimuth resolution is

𝜙<

𝜆
2𝜌𝑥

where ρx is the azimuth resolution.

Figure 58: Cross-range interval (Dx) applied to a FOPEN scene.

5.1.4 Impulse Response (IPR)
The impulse response (IPR) from these FOPEN models is used to interpret the
results. The IPR is a measure of fidelity of the image with respect to the target scene. An
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ideal truth target is infinitesimally small in all dimensions, has enough radar cross section
(RCS) and is distortionless. A target with these characteristics is referred to as a “point
target” (impulse reflector, impulse target) and the resulting EM wave interaction is
analogous to a mathematical impulse or Dirac delta function. A triangular trihedral target
is a real-world target that closely resembles an ideal point target. The response from this
impulse target produces an IPR in the image. The IPR is 2D because the radar is
bandlimited and limited in its observation aspects, which restricts the ability to render the
impulse response, causing the energy to spread in 2D. Often only principal-axes cuts are
displayed, which are referred to as the “range IPR” and the “azimuth IPR”. IPR analysis
corresponds to Fourier analysis. An in-depth discussion of IPR is found in [99] and [100].
For the purposes in this dissertation, the question is “how does the foliage impact the
IPR?” Therefore, when analyzing the results, FOPEN simulation results should be
compared to the ideal IPR. This will provide insight as to the level of perturbation that
the foliage is causing in the scene. A coherence measurement, which is basically a
normalized cross-correlation coefficient, is commonly performed when analyzing these
results as a way of calculating the similitude [101], [102]. For this problem, interest is not
just in the number but the likeness in the IPR plots. Ideal range and cross-range IPR
results with nothing in the scene (i.e. full transmission) are shown in Figure 59 (a) & (b).
A Hamming windowing function is applied to the data for sidelobe control [100]. For the
range simulation, the VV polarized incident plane wave (θ) is theta = 45⁰ and phi = 90⁰
with 30 frequencies ranging from 1.225 – 1.375 GHz and an increment of 5.17241 MHz.
For the cross-range simulation, the VV polarized incident plane wave (θ) is 45⁰ with 64
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different phi angles spanning from 86.6957⁰ - 93.3044⁰ with an increment of 0.1049⁰ at a
frequency of 1.3 GHz.

(a)

(b)

Figure 59: Ideal (a) range and (b) cross-range IPR results with nothing in the scene
(i.e. full transmission), tapered with a Hamming windowing function.

5.1.5 Post-Processing
The data from the FEKO simulations are post-processed with MATLAB. Far field
and near field data are analyzed. A justification of reciprocity is articulated and
demonstrated with the far field and near field results in Chapter 7.

5.1.5.1 Far Field Results
The model scene setup for calculating the far field monostatic RCS results is the
triangular trihedral at the center of the scene and the tree model located a distance in front
of the target, relative to the incident plane wave. The calculated far field results consist of
real and imaginary electric fields for theta and phi angles. To calculate the IPR results
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from this data, the 2D discrete Fourier transform is taken of the calculated total electric
field (complex electric field theta + complex electric field phi). A Hamming windowing
function for sidelobe control and zero padding for easy interpolation are applied to the
data. A Hamming windowing function was selected because it is a common window
function [100]. Then this result is scaled to unit maximum, and minimum values are
limited. The logarithm is taken of the magnitude to display the magnitude relative to the
peak value in dBc then a 2D image is displayed. Also, the magnitude of the principal axes
cuts (i.e. range and cross-range) of the IPR are plotted separately in a 1D plot.

5.1.5.2 Near Field Results
To calculate the near field results, only the tree is in the scene. A field probe is
placed where the apex of the triangular trihedral would be located (0, 0, 0). The near field
results consist of real and imaginary electric fields in the x, y and z directions (Ex, Ey, Ez)
at this field probe location. When post-processing, these E-fields are rotated to match the
phi and theta of the incident plane wave. The direction from which the plane wave came
is given by the plane wave normal unit vector

𝑐𝑜𝑠𝜙 𝑠𝑖𝑛𝜃
𝑛𝑅 = [ 𝑠𝑖𝑛𝜙 𝑠𝑖𝑛𝜃 ] .
𝑐𝑜𝑠𝜃

The unit vector defining the phi direction is
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𝑛𝜙 =

𝑧̂ × 𝑛𝑅
⌊𝑧̂ × 𝑛𝑅 ⌋

Where

0
𝑧̂ = [0] .
1

The unit vector defining the theta direction is

𝑛𝜃 =

𝑛𝑅 × 𝑛𝜙
⌊𝑛𝑅 × 𝑛𝜙 ⌋

.

The desired E-field in the range direction is calculated by

𝐸𝑥
𝐸
𝐸𝑅 = 𝑛𝑅 ∙ [ 𝑦 ] .
𝐸𝑧

The desired E-field in the phi direction is calculated by
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𝐸𝑥
𝐸𝜙 = 𝑛𝜙 ∙ [𝐸𝑦 ] .
𝐸𝑧

The desired E-field in the theta direction is calculated by

𝐸𝑥
𝐸𝜃 = 𝑛𝜃 ∙ [𝐸𝑦 ] .
𝐸𝑧

The magnitude and phase of the ER, E, and E are plotted in a 1D plot.

5.2 FOPEN Model Simulation Scene Setup
The sampling and parameter setup discussed in the previous section are applied to
the realistic tree models. The setup depends on the tree model dimensions and the
frequency so an analysis for each scenario is considered.

5.2.1 Quaking Aspen Tree Scene Setup
The quaking aspen tree model is significantly taller than the piñon pine tree
model. This makes a difference in the setup and influences the distance at which the tree
is located in front of the triangular trihedral with respect to the incident plane wave.

102

5.2.1.1 Quaking Aspen Tree L-band
At L-band (1.3 GHz) for the quaking aspen tree model, the distance from the tree
to the triangular trihedral edge is calculated to be 8.5 m. The incident plane wave (θ) is
45⁰, the interior dimension of the triangular trihedral is 2.3077 m (10) and the apex of
the triangular trihedral is in the center of the scene at (0, 0, 0). The geometry and
calculated equations are displayed in Figure 60.

Figure 60: Geometry of the quaking aspen tree scene setup for L-band.

For the range sampling, the range interval (Dr) is the same for L-band and Kuband. This parameter is a measured distance in the range direction of the scene, Dr =
15.6085. The range interval applied to the quaking aspen tree model scene is shown in
Figure 61.
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Figure 61: Range interval (Dr) applied to the quaking aspen tree scene.

For the cross-range sampling, the cross-range interval (Dx) is the same for L-band
and Ku-band. This parameter is a measured distance in the cross-range direction of the
scene, Dx = 6.5102. The cross-range interval applied to the scene with the quaking aspen
tree model is shown in Figure 62.
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Figure 62: Cross-range interval (Dx) applied to the quaking aspen tree scene.

5.2.1.2 Quaking Aspen Tree Ku-band
For the quaking aspen tree model at Ku-band (16.7 GHz), the distance from the
tree to the triangular trihedral front edge is 8.5 m, the incident plane wave (θ) is 45⁰ and
the location of the apex of the triangular trihedral is at (0, 0, 0). All of these parameters
are the same as for the L-band. The interior dimension of the triangular trihedral is 0.4 m,
which is a common size used for Ku-band FOPEN in real-world scenarios. The geometry
and calculated equations are displayed in Figure 63.
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Figure 63: Geometry of the quaking aspen tree scene setup for Ku-band.

5.2.2 Piñon Pine Tree Scene Setup
The piñon pine tree model is shorter than the quaking aspen tree model. Thus, the
distance between the triangular trihedral and the piñon pine tree will be less.

5.2.2.1 Piñon Pine Tree L-band
At L-band (1.3 GHz), the distance from the tree to the triangular trihedral front
edge is calculated to be 3 m. The incident plane wave (θ) is 45⁰, the interior dimension of
the triangular trihedral is 2.3077 m (10) and the apex of the triangular trihedral is at (0,
0, 0). The geometry and calculated equations are displayed in Figure 64.
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Figure 64: Geometry of the piñon pine tree scene setup for L-band.

For the range sampling, the range interval (Dr) is the same for L-band and Kuband. This parameter is a measured distance in the range direction of the scene, Dr =
5.6594. The range interval measured for the scene with the piñon pine tree is shown in
Figure 65.
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Figure 65: Range interval (Dr) applied to the piñon pine tree scene.

For the cross-range sampling, the cross-range interval (Dx) is the same for L-band
and Ku-band. This parameter is a measured distance in the cross-range direction of the
scene, Dx = 3.2635. The cross-range interval applied to the piñon pine tree scene is shown
in Figure 66.
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Figure 66: Cross-range interval (Dx) applied to the piñon pine tree scene.

5.2.2.2 Piñon Pine Tree Ku-band
At Ku-band (16.7 GHz), the distance from the tree to the triangular trihedral front
edge (d = 3 m), the incident plane wave (θ = 45⁰) and the location of the apex of the
triangular trihedral (0, 0, 0) are all the same as for L-band. The interior dimension of the
triangular trihedral is 0.4 m, which, as mentioned previously, is a common size used for
Ku-band real-world FOPEN scenes. The geometry and calculated equations are displayed
in Figure 67.
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Figure 67: Geometry of the piñon pine tree scene setup for Ku-band.

As seen, these parameters are contingent on the tree model dimensions and the
frequency. For the FOPEN simulations, the quaking aspen tree range and cross-range
intervals are used for both tree model scene setups. This is because the quaking aspen tree
has the largest dimensions. Also, this allows for consistency between all of the simulation
scenes. Additional distance was added to these intervals and is considered the range and
cross-range extended scene size. This was done to ensure aliasing is avoided. A range and
cross-range resolution of 1 m is used for all of the L-band simulations. However, to
reduce simulation times, a range resolution of 3 m and a cross-range of 1 m is used for
the Ku-band scenes. All the scene parameters were put in a excel spreadsheet, where the
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values were calculated. The table for the quaking aspen tree model simulation scene
parameters (L- and Ku- band) is in Appendix C and the table for the piñon pine tree
model simulation scene parameters (L- and Ku- band) is in Appendix D.
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CHAPTER 6: SIMULATION VALIDATION WITH CANONICAL
OBJECTS
Before running simulations with the realistic tree models, simulations with just
the triangular trihedral and canonical objects are carried out for verification purposes to
ensure the solver, scene and simulation setup is accurate. The parameters from the
FOPEN scene simulation are used and the scene setups are varied with the number and
location of triangular trihedrals and canonical objects. Also, the materials of these objects
are changed. Some of these scenes and the corresponding results are discussed.

6.1 PEC Triangular Trihedral (0, 0, 0)
Since the PEC triangular trihedral is a well-studied target, starting validation
simulations were ran with just one PEC triangular trihedral in the center of the scene (0,
0, 0) for both L-band and Ku-band. The range and cross-range resolution is 1m for Lband. For Ku-band, the range resolution is 3 m and the cross-range resolution is 1 m. A
snapshot of the scene from the plane wave point of view looking into the triangular
trihedral is shown in Figure 68. For L-band, the interior dimension of the triangular
trihedral is 2.3077 m (10λ) and the apex of the triangular trihedral is at (0, 0, 0). The VV
polarized incident plane wave (θ) is 45⁰ and phi spans 64 different phi angles from
86.6957⁰ - 93.3044⁰ with an increment of 0.1049⁰. The frequency ranges from 1.225 –
1.375 GHz with a bandwidth of 150 MHz and an increment of 5.17241 MHz giving 30
frequencies. The monostatic RCS was calculated and from these far field results the IPR
was computed. The range axes IPR, the cross-range axes IPR and the 2D IPR results are
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shown in Figure 69 (a – c), respectively. Figure 69 (d) is a top view of the scene with the
workplane grid on to show the location of the triangular trihedral, which corresponds to
the 2D IPR result. A similar simulation and post-processing of the results was carried out
for the Ku-band, however for this simulation the triangular trihedral interior dimension is
0.4 m and the range resolution is changed to 3 m. The cross-range resolution is still 1 m
however the number of samples is reduced. Both of these adjustments were made to
decrease the simulation time. The VV polarized incident plane wave (θ) is 45⁰ and there
are 32 different phi angles from 89.7427⁰ - 90.2573⁰ with an increment of 0.0166⁰. The
frequency ranges from 16.675 – 16.725 GHz with a bandwidth of 50 MHz and an
increment of 2.63158 MHz giving 20 frequencies. The Ku-band results are displayed in
Figure 70 (a – c). Figure 70 (d) is a top view of the scene with the workplane grid on to
show the location of the triangular trihedral, which corresponds to the 2D IPR result. For
both frequency bands, the range and cross-range IPR cuts minimally vary from the ideal
IPR results, which is expected since the triangular trihedral is the only object in the scene.
The 2D IPR result displays a peak at range 0 and cross-range 0 where the triangular
trihedral is located. There is a strong signal from this target since it is a PEC and because
these targets are designed to direct most of the energy back to the source. The “+” profile
in the results are the sidelobes due to the rectangular aperture. The fundamentals of IPR
results and the resulting sidelobes are further discussed in [99].
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Figure 68: Scene from the plane wave point of view looking into the PEC triangular
trihedral.

(a)

(b)

(c)
(d)
Figure 69: L-band PEC triangular trihedral (0, 0, 0) results, (a) range axis IPR, (b)
cross-range axis IPR, (c) 2D IPR and (d) a top view of the scene with the workplane
grid on.
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=
(a)

(b)

(c)

(d)

Figure 70: Ku-band PEC triangular trihedral (0, 0, 0) results, (a) range axis IPR, (b)
cross-range axis IPR, (c) 2D IPR and (d) a top view of the scene with the workplane
grid on.

6.2 Two PEC Triangular Trihedrals (0, 0, 0) and (3, 9, 0)
A simulation at L-band with a 1 m resolution (range and cross-range) was run
with two PEC triangular trihedrals in the scene (Figure 71). The interior dimension of
both the triangular trihedrals is 2.3077 m (10λ). The apex of one triangular trihedral is
located at (0, 0, 0) and the other one is off centered at (3, 9, 0). The VV polarized incident
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plane wave (θ) is 45⁰ and phi spans 64 different phi angles from 86.6957⁰ - 93.3044⁰ with
an increment of 0.1049⁰. The frequency ranges from 1.225 – 1.375 GHz with a
bandwidth of 150 MHz and an increment of 5.17241 MHz giving 30 frequencies. The
monostatic RCS was requested and IPR results were calculated, which are shown in
Figure 72 (a – c). Figure 72 (d) is a top view of the scene with the workplane grid on to
show the locations of the triangular trihedrals, which corresponds to the 2D IPR result.
The range axis result shows a peak at range 0, which is expected but also a peak around
range 9. This second peak is linked to the range location of the off centered triangular
trihedral. The cross-range result shows a peak at cross-range 0 and a distortion around
cross-range 3, which corresponds to the cross-range location of the off centered triangular
trihedral. The 2D IPR result displays a peak at (0, 0) and (3, 9) where the triangular
trihedrals are located. A “+” shape due to the sidelobes is seen from both targets.

Figure 71: Scene from the plane wave point of view looking into the two PEC
triangular trihedrals.
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(a)

(b)

(c)

(d)

Figure 72: L-band two PEC triangular trihedrals (0, 0, 0) and (3, 9, 0) results, (a)
range axis IPR, (b) cross-range axis IPR, (c) 2D IPR and (d) a top view of the scene
with the workplane grid on.

6.3 PEC Triangular Trihedral (0, 0, 0) and Dielectric Sphere (0, 8.5, 8.5)
To mimic the canopy of a tree, a dielectric sphere was put in a scene with a PEC
triangular trihedral (Figure 73). The triangular trihedral apex is located at (0, 0, 0) and the
dielectric sphere is positioned in a mock location of a tree canopy at (0, 8.5, 8.5). This
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scene is simulated at L-band with a 1 m resolution (range and cross-range) where the
interior dimension of the triangular trihedral is 2.3077 m (10λ) and the dielectric sphere
has a radius of 0.5 m with the dielectric value of the quaking aspen leaves at L-band, εr =
36.6551 - j11.2909. The VV polarized incident plane wave (θ) is 45⁰ and phi spans 64
different phi angles from 86.6957⁰ - 93.3044⁰ with an increment of 0.1049⁰. The
frequency ranges from 1.225 – 1.375 GHz with a bandwidth of 150 MHz and an
increment of 5.17241 MHz giving 30 frequencies. The monostatic RCS was requested
and IPR results were calculated, which are shown in Figure 74 (a – c). Figure 74 (d) is a
top view of the scene with the workplane grid on to show the locations of the triangular
trihedral and the sphere, which corresponds to the 2D IPR result. The range axis result
shows a peak at range 0 and two peak ranges around -12 and 13 from the sphere. This
result is expected, and multipath echoes is the phenomenology causing the peak at range 12. There is a direct echo from the triangular trihedral and a direct echo from the sphere,
in addition to a multipath echo from the sphere since it is located directly in front of the
triangular trihedral with respect to the incident plane wave direction. Part of the echo
from the corner reflector hits the back of the sphere and the echo from the back of the
sphere creates a phantom target behind the triangular trihedral. Figure 75 pictorially
illustrates the direct and multipath echoes that are taking place in this scenario. The crossrange result only shows a peak at cross-range 0 and is minimally distorted compared to
the ideal cross-range IPR. The 2D IPR result displays a strong peak at (0, 0) where the
triangular trihedral is and smaller peaks around (0, -12) and (0, 13), which are the signals
from the sphere and the phantom target behind the triangular trihedral. The signal from
the sphere is not as strong because it is not an ideal point target and it is made up of a
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dielectric material, which causes the energy to be absorbed and attenuated. Additionally,
the exact location of the sphere is offset in the 2D IPR plot due to the incident plane wave
coming in at a grazing angle (slant angle) of 45⁰.

Figure 73: Scene from the plane wave point of view looking into the PEC triangular
trihedral and dielectric sphere.
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(a)

(b)

\
(c)

(d)

Figure 74: L-band PEC triangular trihedral (0, 0, 0) and dielectric sphere (0, 8.5,
8.5) results, (a) range axis IPR, (b) cross-range axis IPR, (c) 2D IPR and (d) a top
view of the scene with the workplane grid on.
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Figure 75: Direct and multipath echoes from the PEC triangular trihedral and the
dielectric sphere.

6.4 Canonical Tree (0, 8.5, 0) with a PEC Triangular Trihedral (0, 0, 0)
A canonical tree was created and put in the scene with a PEC triangular trihedral
(Figure 76). The apex of the triangular trihedral is located at the center of the scene (0, 0,
0) and the base of the canonical tree is located in front of the triangular trihedral at (0,
8.5, 0). This scene is simulated at L-band with a 1 m resolution (range and cross-range)
and the interior dimension of the triangular trihedral is 2.3077 m (10λ). The trunk of the
tree was created from a cylinder with a diameter of 0.5 m and a length of 8.5 m. The
trunk was assigned a dielectric value of a quaking aspen trunk at L-band, εr = 19.3309 –
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j6.4633. The sphere, which represents the tree canopy, has a diameter of 6.6 m and is
centered at (0, 8.5, 10.5). To create more of a moderate foliage effect, the interior of the
sphere is free space and the outside region is assigned a layered dielectric value of
quaking aspen leaves, εr = 36.6551 - j11.2909, with a thickness of 0.1 mm, which is the
leaf thickness used for all tree models in this report. A cutplanes view that shows the
interior of the sphere is shown in Figure 77. As seen in this figure, the cylinder that
represents the trunk penetrates a little way into the sphere as a trunk would in a real tree
canopy. The VV polarized incident plane wave (θ) is 45⁰ with 8 phi angles ranging from
86.71⁰ - 93.29⁰ with an increment of 0.94⁰. The frequency ranges from 1.225 – 1.375
GHz with a bandwidth of 150 MHz and an increment of 5.17241 MHz giving 30
frequencies. The monostatic RCS was requested and IPR results were calculated, which
are shown in Figure 78 (a – c). Figure 78 (d) is a top view of the scene with the
workplane grid on to show the locations of the triangular trihedral and the canonical tree,
which corresponds to the 2D IPR result. The range axis result shows a peak at range 0
and two peak ranges around -13 and 11 from the canonical tree. The peak around -13 is
the phantom target from the multipath echoes between the triangular trihedral and the
canonical tree. The cross-range result shows a wide peak at cross-range 0 and little
variation from the ideal IPR. The 2D IPR result displays a strong peak at (0, 0) from the
triangular trihedral and smaller peaks around (0, -13) from the multipath echoes and (0,
11) from the canonical tree. Similar to the scene with the triangular trihedral and the
sphere, the signal from the canonical tree is not as strong because it is not an ideal point
target and it is made up of a dielectric material causing the energy to be absorbed and
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attenuated. Also, the exact location of the canonical tree is offset in the 2D IPR plot
because of the 45⁰ grazing angle.

Figure 76: Scene from the plane wave point of view looking into the PEC triangular
trihedral and canonical tree.

Figure 77: Cutplanes view of the canonical tree model.
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(a)

(b)

(c)

(d)

Figure 78: L-band PEC triangular trihedral (0, 0, 0) and canonical tree (0, 8.5, 0)
results, (a) range axis IPR, (b) cross-range axis IPR, (c) 2D IPR and (d) a top view of
the scene with the workplane grid on.

The results from these canonical scenes are logical and interpretable relative to
EM theory and phenomenology. This provided a confident introduction to the scene
simulation setup and interpretation. This validation permitted progressing to the FOPEN
simulations with the realistic trees, which is discussed in the next chapter.
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CHAPTER 7: FOPEN MODEL SIMULATION RESULTS

Several different scenes were simulated with both the quaking aspen and the
piñon pine tree models. The first simulations are a comparison between some far field
results and near field results. These results validate the reciprocity claim, which will be
explained later in this chapter. The other simulations are near field results for both tree
models at different frequencies. Also, simulations are compared for two different tree
rotations to ensure consistency of results.

7.1 Quaking Aspen Tree L-band Far Field and Near Field
As mentioned before, L-band simulations were used as a benchmark and for
vetting before Ku-band simulations were carried out. This is because of the significantly
short run time for L-band simulations.
The primary objective of the next section is to compare far field and near field
results to demonstrate reciprocity. This is a point of interest because simulations
calculating the far field, in particular at Ku-band, were taking a long time to run and at
times crashing. A workaround was to calculate near field, however the claim of
reciprocity needed to be confirmed. Also, in this section, and the following sections, a
comparison of each tree model at two different orientations is simulated. As stated above,
this was to validate consistent results.
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7.1.1 Quaking Aspen Tree L-band Far Field
A scene with the quaking aspen tree model and the PEC triangular trihedral was
first simulated. This scene is simulated at L-band with a 1 m resolution (range and crossrange) and a VV polarization. The interior dimension of the triangular trihedral is 2.3077
m (10λ). The incident plane wave (θ) is 45⁰ and phi spans 64 different phi angles from
86.6957⁰ - 93.3044⁰ with an increment of 0.1049⁰. The frequency ranges from 1.225 –
1.375 GHz with a bandwidth of 150 MHz and an increment of 5.17241 MHz giving 30
frequencies. The monostatic RCS far field results are recorded and post-processed to
calculate the IPR, which are shown in Figure 79 (a – c). A top view of the scene with the
workplane grid on to show the locations of the triangular trihedral and the quaking aspen
tree, which corresponds to the 2D IPR result is shown in Figure 79 (d) .
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(a)

(b)

(c)

(d)

Figure 79: L-band quaking aspen tree and triangular trihedral far field results, (a)
range axis IPR, (b) cross-range axis IPR and (c) 2D IPR and (d) a top view of the
scene with the workplane grid on.

7.1.1.1 Ideal IPR Results (Repeated)
As mentioned, when interpreting the IPR results it is necessary to analyze them
against the ideal IPR where nothing is in the scene. This allows for understanding of how
much the object(s) added to the scene is perturbing the ideal IPR. The ideal IPR range
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and cross range plots are shown again in Figure 80 (a) & (b) for a convenient
comparison.

(a)

(b)

Figure 80: Repeated images of ideal (a) range and (b) cross-range IPR results with
nothing in the scene (i.e. full transmission).

7.1.1.2 Quaking Aspen Tree L-band Far Field Results Analysis
When analyzing the range IPR, the anticipated peak at range 0 is present. In the
sidelobes are additional lower peaks around range -15 from the multipath echoes and
around range 11 from the foliage. There is obvious perturbation from the foliage, which
is clear when comparing the range IPR results to the ideal range IPR plot. In the crossrange IPR there is slight variation from the ideal cross-range IPR results. This
demonstrates that a good portion of the signal is being transmitted through the foliage.
All of this is observed in the 2D IPR image. The triangular trihedral peak is seen at the
center of the scene. From about range 8.5 to 15, direct and multipath echoes can be seen
from the quaking aspen tree. The tree is a volume reflector and has many surfaces that
reflect, diffract, attenuate, etc. the radar signal. Therefore, there are direct echoes from
the near field of the tree and multipath echoes from inside and other surfaces of the tree.
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This is why the tree has more of a dull spread appearance and is not as sharp as the
triangular trihedral, which is a point target. Additionally, the incident plane wave is
coming in at a grazing angle (slant angle) of 45⁰ and this will offset the exact location of
the tree in the 2D IPR results. At the far end of the scene behind the triangular trihedral
(around range -15) is a ghost target from the multipath echoes.

7.1.2 Quaking Aspen Tree L-band Near Field
Another simulation with the quaking aspen tree at L-band with a VV polarization
and a 1 m cross-range resolution was run but in this scenario the triangular trihedral is
removed and a near field probe is placed at the center of the scene (0, 0, 0) where the
triangular trihedral apex was located for the far field simulation. The incident plane wave
(θ) is 45⁰ and phi spans 64 different phi angles from 86.6957⁰ - 93.3044⁰ with an
increment of 0.1049⁰ at a frequency of 1.3 GHz. An additional simulation was run for Lband near field range with a 1 m range resolution, a phi angle of 90⁰ and a frequency
range from 1.225 – 1.375 GHz with a bandwidth of 150 MHz and an increment of
5.17241 MHz giving 30 frequencies. The raw, post-processed and range axis IPR results
for the near field range are displayed in Figure 81 (a – e) and the raw, post-processed and
cross-range axis IPR results for the near field cross-range are displayed in Figure 82 (a e).
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(a)

(b)

(c)

(d)

(e)
Figure 81: L-band quaking aspen tree near field range results, (a) E-field magnitude
(Ex, Ey, Ez), (b) E-field phase (Ex, Ey, Ez), (c) E-field magnitude (ER, E, E), (d) Efield phase (ER, E, E) and (e) range axis IPR.
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(a)

(b)

(c)

(d)

(e)

Figure 82: L-band quaking aspen tree near field cross-range results, (a) E-field
magnitude (Ex, Ey, Ez), (b) E-field phase (Ex, Ey, Ez), (c) E-field magnitude (ER, E,
E), (d) E-field phase (ER, E, E) and (e) cross-range axis IPR.
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7.1.2.1 Quaking Aspen Tree L-band Near Field Results Analysis
The magnitude and phase of the E-fields (Ex, Ey, Ez), which is the raw data from
FEKO, is only shown to display the original orientations and curves of the data. The postprocessed data, which is the electric fields for the range, phi and theta (ER, E, and E) is
where the information is conveyed. Since there are no abrupt changes in the curves and
all vary slowly, this means that there is not much modulation in the transmitted signal.
This is validated by the range and cross-range IPR plot, which slightly varies from the
ideal cross-range IPR results. Also, strong signal from the theta direction is due to the
radar being sensitive to theta because of the VV polarization. Further analysis on these
results are discussed in the last section.

7.1.3 Reciprocity Validation
The reciprocity theorem as applied to antennas is a statement of interchanging the
transmitted antenna and receiving antenna and obtaining the same measurement [103],
[104]. For the FOPEN problem, it can be argued that putting a transmitter antenna above
the foliage and the receiver antenna underneath the foliage and then swapping the
transmitter antenna and receiver antenna locations, the electric fields will be the same.
The argument is that the EM wave has the same path and obstacles going into the foliage
as it does going out. This is the basis for the far field results versus the near field results.
Related to this problem, an EM wave is transmitted through the foliage and the near
fields are recorded underneath the foliage where the triangular trihedral would be located.
For the far field calculations, the monostatic RCS is recorded, which means the EM wave
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is transmitted through the foliage to the triangular trihedral target, which ideally reflects
all of the energy back to the receiving/transmitting radar, taking the identical path back.
This is a two-way transmission. Essentially, with this scenario, the signal received back
to the radar above the foliage would receive two times (in dB) the near field signal.
Figure 83 shows the near field cross-range IPR results overlaid on the far field crossrange IPR results. The far field results are very similar with the near field IPR results
indicating that the same information is being conveyed. As for the far field range IPR
results versus the near field range IPR results, there are slight variations in peaks because
of the triangular trihedral in the far field scene causing some extra signals. Thus, a direct
overlay cannot be done but both plots indicate the same information that there is slight
perturbation and a lot of transmission through the foliage.

Figure 83: L-band quaking aspen tree near field (pink) overlaid on far field (blue)
cross-range axis IPR results.
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7.2 Quaking Aspen Tree Rotated 10⁰ L-band Near Field
A simulation at L-band for a 1 m cross-range resolution with the quaking aspen
tree rotated 10⁰ is carried out. The polarization is VV and the incident plane wave (θ) is
45⁰ and phi spans 64 different phi angles from 86.6957⁰ - 93.3044⁰ with an increment of
0.1049⁰ at a frequency of 1.3 GHz. A near field probe is placed at the center of the scene
and the near field results are recorded. The raw, post-processed and cross-range axis IPR
results are displayed in Figure 84 (a – e).
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(a)

(b)

(c)

(d)

(e)
Figure 84: L-band quaking aspen tree rotated 10⁰ near field results, (a) E-field
magnitude (Ex, Ey, Ez), (b) E-field phase (Ex, Ey, Ez), (c) E-field magnitude (ER, E,
E), (d) E-field phase (ER, E, E) and (e) cross-range axis IPR.

135

7.2.1 Quaking Aspen Tree Rotated 10⁰ L-band Near Field Results Analysis
The post-processed data for ER, E, E and the cross-range IPR are similar to the
results for the L-band quaking aspen tree model simulation located in the original
location. Thus, the analysis for the comparison of these results align. This similitude
provides validation to the consistency of the results. There are some variations in the
curvatures of the lines, and this is due to the different orientations producing unique
signatures. Further analysis on these results are discussed in the last section.

7.3 Quaking Aspen Tree Ku-band Near Field
A simulation with the quaking aspen tree model at Ku-band with a 1 m crossrange resolution and VV polarization is ran. A similar simulation with these parameters is
carried out but in this scene the tree model is rotated 10⁰. For both simulations, the
incident plane wave (θ) is 45⁰ and there are 32 different phi angles from 89.7427⁰ 90.2573⁰ with an increment of 0.0166⁰ at a frequency of 16.7 GHz. A near field probe is
placed at the center of both scene scenarios and the near field results are calculated. The
post-processed and cross-range IPR results for the tree model located in the original
location are displayed in Figure 85 (a – c) and the post-processed results for the
simulation with the tree rotated 10⁰ are shown in Figure 86 (a – c).
.
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(a)

(b)

(c)
Figure 85: Ku-band quaking aspen tree in the original location near field results, (a)
E-field magnitude (ER, E, E), (b) E-field phase (ER, E, E) and (c) cross-range axis
IPR.
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(a)

(b)

(c)
Figure 86: Ku-band quaking aspen tree rotated 10⁰ near field results, (a) E-field
magnitude (ER, E, E), (b) E-field phase (ER, E, E) and (c) cross-range axis IPR.

7.3.1 Quaking Aspen Tree Ku-band Near Field Results Analysis
The results for the quaking aspen tree model at Ku-band convey the same
information as the L-band results. The slight shift in the tree model orientation shows
consistency between the results and unique signatures are correlated with each position.
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The small changes in the electric field curves as well as the little variation in the crossrange IPR results communicate that there is transmission at this higher frequency range.
However, the magnitude is lower than the magnitude of the results for L-band. This is
because of the increased scattering at Ku-band, which prevents some transmission. Steep
rises and/or drops in the E-field phase results can be seen and this is due to a  phase
jump. Further analysis on these results are discussed in the last section.

7.4 Piñon Pine Tree L-band Near Field
The piñon pine tree model at L-band with a 1 m cross-range resolution is
simulated. A similar simulation is carried out with the piñon pine tree model rotated 10⁰.
For both simulations, the polarization is VV and the incident plane wave (θ) is 45⁰ and
phi spans 64 different phi angles from 86.6957⁰ - 93.3044⁰ with an increment of 0.1049⁰
at a frequency of 1.3 GHz. A near field probe is placed at the center of both scenes and
the near field results are calculated. The post-processed results for the tree model located
in the original location are displayed in Figure 87 (a – c) and the post-processed results
for the simulation with the tree rotated 10⁰ are shown in Figure 88 (a – c).
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(a)

(b)

(c)
Figure 87: L-band piñon pine tree in the original location near field results, (a) Efield magnitude (ER, E, E), (b) E-field phase (ER, E, E) and (c) cross-range axis
IPR.
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(a)

(b)

(c)
Figure 88: L-band piñon pine tree rotated 10⁰ near field results, (a) E-field
magnitude (ER, E, E), (b) E-field phase (ER, E, E) and (c) cross-range axis IPR.

7.4.1 Piñon Pine Tree L-band Near Field Results Analysis
Comparing the results across the different types of trees, similar trends are
observed. The E-field magnitudes for this piñon pine tree L-band simulation are in range
with the quaking aspen tree L-band magnitudes. However, the piñon pine tree model Efield magnitude has a little less modulation than the quaking aspen tree model E-field

141

magnitude results, which indicates that there is more transmission through the piñon pine
tree model. Further analysis on these results are discussed in the last section.

7.5 Piñon Pine Tree Ku-band Near Field
The piñon pine tree at Ku-band with a 1 m cross-range resolution and a VV
polarization is simulated. A similar simulation is carried out with the piñon pine tree
model rotated 10⁰. For both simulations, the incident plane wave (θ) is 45⁰ and there are
32 different phi angles from 89.7427⁰ - 90.2573⁰ with an increment of 0.0166⁰ at a
frequency of 16.7 GHz. A near field probe is placed at the center of both scenes and the
near field results are calculated. The post-processed results for the tree model located in
the original location are displayed in Figure 89 (a – c) and the post-processed results for
the simulation with the tree rotated 10⁰ are shown in Figure 90 (a – c).
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(a)

(b)

(c)
Figure 89: Ku-band piñon pine tree in the original location near field results, (a) Efield magnitude (ER, E, E), (b) E-field phase (ER, E, E) and (c) cross-range axis
IPR.
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(a)

(b)

(c)
Figure 90: Ku-band piñon pine tree rotated 10⁰ near field results, (a) E-field
magnitude (ER, E, E), (b) E-field phase (ER, E, E) and (c) cross-range axis IPR.

7.5.1 Piñon Pine Tree Ku-band Near Field Results Analysis
The results for the Ku-band piñon pine tree model continue the trend of the
previous simulations. The magnitudes of the electric fields are lower than the L-band Efield magnitudes, there is not much distinction in the cross-range IPR, slow variation in
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the curves, and theta has the strongest signal. Further analysis on these results are
discussed in the next section.

7.6 Results Summary
All the results for both trees and both frequencies illustrate transmission through
the foliage with slight perturbation in the scene. The slow transitions of all the E-field
curves reveal that not much modulation is occurring at the near field. Similarly, the crossrange IPRs are nearly ideal with only minor perturbations close into the main lobe. The
E component has the strongest signal because the radar is most sensitive to this direction
due to the VV polarization. As expected, the E-field magnitudes of the L-band results are
higher than the E-field magnitudes of the Ku-band results. This indicates displays that
there is more transmission at the lower frequency. Additionally, when comparing the
results of the E-field magnitude between both frequencies, it appears that the Ku-band
curves fluctuate a little more than the L-band results. This conveys that there is more
perturbation at Ku-band. These results coincide with EM theory and the claim that at Kuband there is more scattering and less transmission. One observation is that all of the
piñon pine tree E-field magnitude curves are flatter compared to the E-field magnitude
curves of the scenes with the quaking aspen tree. It can be speculated that this could be
due to the difference in the leaf structures of both types of trees. The needles on the piñon
pine tree are narrow and may allow for more transmission.
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CHAPTER 8: CONCLUSION & FUTURE WORK

Lower frequency ranges with corresponding large wavelengths are commonly
researched and implemented for FOPEN because these low frequency ranges have been
proven to be effective at penetrating through dense foliage. Many FOPEN related models
have been created to support these lower frequency ranges. However, viewing this
problem with a different perspective of not penetrating through the foliage but rather
transmitting through openings in moderate foliage allows opportunity for employing
higher frequencies for FOPEN. The advantage in utilizing higher frequencies is that the
associated smaller wavelengths provide finer scan resolutions that overall aid with foliage
characterization and target detection. Additionally, higher frequency radars are generally
more compact and can yield sizeable space and weight savings. For this reason, Ku-band
radar systems are commonly used in UAS.

8.1 Conclusion
In this dissertation, two different species of realistic CAD tree models were
created for CEM simulations with a particular interest in FOPEN SAR transmissivity
with Ku-band frequencies. As articulated and exemplified throughout this dissertation,
using Ku-band range frequencies for FOPEN is a challenging problem. As expected,
simulation run times for the Ku-band were extensive, and numerous hardware and
software issues arose. Because there are no known developed FOPEN CEM models
designed to work at Ku-band, innovative techniques, customized processing and
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workarounds had to be explored and implemented. Verification and validation methods
were completed throughout the process to ensure accuracy.
Introductory scenes and results of the FOPEN simulations proved that there is
transmission through moderate foliage at the Ku-band. These results are significant and
useful to radar engineers because it establishes that penetration through foliage is viable
and higher frequencies may be applicable for the appropriate foliage scene. However,
even with this information, it is known that Ku-band FOPEN SAR imaging is still a hard
problem, and this research demonstrated that this is not always a foliage transparency
problem. In this research a strong reflecting target was meticulously selected, however,
many real-world targets do not reflect strong distinguishing signals. This low RCS will
most likely get lost or misrepresented in the echoes from the foliage. This type of
problem is more of a residual signal-to-clutter (SCR) whereas the problem in this
research is obscuration by signal attenuation.
This research provides some noteworthy information, and techniques to
discriminate targets through foliage can be developed leveraging the knowledge that
transmissivity is possible at Ku-band. Also, this data gives insight to the usefulness and
applicability of existing technology. For example, perhaps for SAR, a 3D technique like
tomography could be useful for “seeing” below the foliage to distinguish the signatures
of the target from the echoes of the foliage. Also, other radar modes like ground moving
target indicator (GMTI), where target movement is detected, might be successfully
employed in scenes with moderate foliage.
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8.2 Future Work
As mentioned, this research provides valid introductory results that open a great
deal of other directions and advancements to explore. Future work will be to vary
simulation, tree model and scene parameters for comparison. Some simulation parameters
of interest to change are the plane wave incident angle and polarization. For the tree
model features, varying the dielectric value, density of the foliage, tree height and tree
trunk diameter are assumed to bring about differentiating results and would be worth
exploring. Including a dielectric ground plane for more of a realistic approximation and
adding in multiple trees to mimic more of a forest environment is the ultimate ideal scene
setup. Having this full scene setup and changing all the parameters of the simulation and
trees models would provide a good knowledge base of FOPEN signatures and
characteristics that would aid in a greater understanding of FOPEN phenomenology at the
Ku-band.
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Appendix A.

Quaking Aspen Tree Parameters in Arbaro

Table 1: Quaking aspen tree parameters in Arbaro.
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Appendix B.

Piñon Pine Tree Parameters in Arbaro

Table 2: Piñon pine tree parameters in Arbaro.
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Appendix C.

Quaking Aspen Tree Model Simulation Scene Parameters
(L- and Ku- band)

Table 3: Quaking Aspen Tree Model Simulation Scene Parameters (L- and Kuband).
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Appendix D.

Piñon Pine Tree Model Simulation Scene Parameters
(L- and Ku- band)

Table 4: Piñon Pine Tree Model Simulation Scene Parameters (L- and Ku-band).
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Appendix E.

Glossary Listing of the Commonly Used Acronyms

CAD

Computer-aided design

CEM

Computational electromagnetics model

dBsm

Decibels per square meter

EM

Electromagnetics

FDTD

Finite difference time domain

FOPEN

Foliage penetration

HH

Horizontal transmission, Horizontal reception

HV

Horizontal transmission, Vertical reception

IPR

Impulse response

MLFMM

Multilevel fast multipole method

MOM

Method of moments

PEC

Perfect electric conductor

PO

Physical optics

RCS

Radar cross section

RL-GO

Ray launching geometrical optics

SAR

Synthetic aperture radar

SNL

Sandia National Laboratories

UAS

Unmanned aerial systems

UHF

Ultra-high frequency band

VH

Vertical transmission, Horizontal return
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VHF

Very high frequency band

VV

Vertical transmission, Vertical return

2D

2-dimensional

3D

3-dimensional
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